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KODAK ANAL OBSERVATORY 
BULLETIN Number 178 


The Spectrum of Comet Ikeya-Seki (1965f) 
M.K.V. Bappu, and K.R. Sivaraman 


Abstract 

Spectroscopic observations of Comet Ikeya-Seki (1965f) with slit and slitless instruments are des- 
cribed. Sodium emission in the coma is seen from October 9 to November 1. A sodium tail extending upto 
2° from the nucleus has been seen. 


, Spectroscopic observations of Comet Ikeya-Seki were commenced on October 
9, 1965 and carried through beyond perihelion until November 4, when the Comet 
was 0.63 A.U. from the Sun, The spectra were obtained both with slit and slitless 
instruments. The Cassegrain grating spectrograph on the 50 cm. reflector was used 
in the first order with a dispersion of 250 A/mm. Two slit spectra were obtained on 
October 30.985 (r --=0.497 A.U.) and November 3.975 (r =0 . 626 A.U.), using East- 
man Kodak 103a-F emulsion with exposure times of 30 and 45,fiunutcs respectively. 
The nucleus was guided on the slit . On other days, particularly , prior to perihelion 
passage and on a few days after perihelion passage, until Ocjxsfccr 31, the same spect- 
rograph was used in the slitless mode. A, field lens was use^tin place of the slit and the 
whole spectrograph functioned essentially as a Mcinel camera with a grating for disper- 
sing the light. The scale in the focal plane of the 50 cm. telescope is 107mm. The 
ratio of collimator to camera focal lengths is 7.5. The spectra were obtained in the 
first order covering the range 4700A to 6800A and in the second order from 3800A 
to 4800A. Exposures were of the order of 1 to 2 minutes for both the blue and red 
regions of the spectrum on Eastman 103a- F emulsion, during which period the comet 
was guided with the aid of the finder telescope. 

Two other slitless instruments functioned simultaneously on the 50 cm. mounting 
for obtaining prismatic spectra of the cometary head and the comctary tail. Both used 
60° glass prisms and the cameras were of focal lengths 5 cm. and 28 cm. with aperture 
ratios of f/2 and f/5 . 6. The emulsion used was Kodak Linagraph Shellburst film, and 
while a certain degree of reciprocity failure exists with this emulsion, its primary 
advantage was flie extensive wavelength coverage possible combined with speed, 
since the emulsion is sensitive to about 7100A. The dispersions at Hy are 360A/mm 
for the 5 cm. camera and 65A/mm for the 28 cm. camera. Exposure times on 
nights free of moonlight rarely exceeded 20 minutes. The longer focal length prismatic 
camera had a field of about 4. 5° by 6 . 5° and showed details of the tail spectrum out 
to 3° from the nucleus. The shorter focal length prismatic camera, could follow the 
tall spectrum to 12°. 
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The close approach of Comet Tkeya-Seki to the Sun coincided with the peak of 
the spell of very bad weather due to the North-east monsoon that we have at Kodai- 
kanal. This prevented us particularly from exploiting the solar spectrographic 
instrumentation available at Kodaikanal, especially on October 21 when the comet 
was closest to the Sun. Also, until November 1, moonlight prevented long exposures 
with the slitless instruments. In Table J, we give details of the spectra obtained at 
Kodaikanal of this comet. 


Table I 




Time 

Helio- 





Instrument 

Date 

U.T. 

centric 

Exposure 

Emulsion 

Wavelength 

Remarks 



h. 

m. 

distance 


Region 






A.U. 




50cm. Cassegrain slit 

October, 30 

'23 

40'- 

01497 

30 mini 

103a-F 

3800— 6700A 

Well-exposed spe- 

spectrograph. 








drum. D lines 
Strongest fea- 
ture. 


November, 3 

23 

24 

0.626 

50 min. 

103a-F 

3800— G700A 

Swan bands and 









CN (0,0) well- 
exposed, NIIj 

.-i . i ' 








bands in visual 
region seen. 

50cm. Cassegrain slit- 

October, 11 

23 

36 

0.509 

3 min. 

103a-F 

3800— 4800A 

ON moderate 

less spectrograph. 







(second or- 
der). 

strength ; C! a 
weak. 
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mm. 



23 

45 


10 min. 

103a-F 

3000 — 4800A 

Well-exposed. 



23 

56 


3 min. 

103a-F 

3000— 4800A 

Sky fog present. 


October, £2 

23 

30 

0.474 

2 min. 

103a-F 

3000 — 4000A 

Well-exposed. 



23 

42 


4 min. 

103a-F 

3000 — 4800A 

Well-exposed. Cl» 









stronger than 
on October 11. 



23 

51 


8 min. 

103a-F 

3000 — 6700A 

Over-exposed. 








(first order). 



23 

58 


3 min. 

103r-F 

3800 — 6700A 

Over exposed for 









photometry — 
Na emission 









strong. 


October, 29 

23 

40 

0.426 

1 min. 

103n-F 

3800— 4000A 

Under exposed. 








(Second or- 








act) . 


, 


23 

37 


2 min. 

103a-F 

3000— 4800A 

Well-exposed. 



23 

33 


25 secs. 

103a-F 

3000 — 6700A 

Very well-ex pov 








(first order). 

eel. 



23 

32 


60 secs. 

103a-F 

3800— 6700A 

Over-exposed for 









photometry. 



23 

54 


20 sees. 

103a-F 

3000— G700A 

Well-exposed for 









photometry. ' 
Intense Na emit- 









sion. 



23 

55 


30 secs. 

1 03a-l f 

3000— 6700A 

Poor. ■ 



23 

5G 


1 min. 

I03a-F 

3800- 6700 A 

Well-exposed. 



23 

59 


2 niin. 

103a-F 

3000 — 6700A 

Over-exposed. 

28cm. Piismatlc 

October, 8 

23 

46 


32 min. 

Kodak Linn- 

3850— 7100A 

Over-expo Bed, 

camera., , 






graph Shell - 
burst. 




October, 16 

00 

00 


3 min. 

Do. 

3850-7 100A 

Fogged by twi- 









light. 


October, 28 

. 23 

37 


19 min. 

Do. 

3850— 7100A 

Well-exposed. 



23 

50 


4 min. 

Do. 

3850 — 7100A 

Good. 


October, 29 

23 

40 


10 min. 

Kodak I.inagraph 
Shcllburst 

3850— 7100A 

Well-exposed. 


October, 30" 

23 

23 

28 


27 min. 

2 min. 

Do, 

3050— 7100A 

Very wull-cxpos- 
ed. 



42 


Do. 

3850— 7100A 

Good. 


October, 31 

23 

13 


15 min. 

103a-F . 

3800— 6700A 

Through clouds 








* , ‘ » 

— slightly under- 
exposed. 
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Table I — Contd, 


Instrument Date 

Time 
U.T. 
h. in. 

Helio- 

centric 

distance 

A.V. 

Exposure 

Emulsion 

Wavelength 

Region 

Remarks 

November, 2. 

23 

12 


Ifi min, 

Kodak Linagraph 

3850 — 7 100 A 

Good. 






Shclllmrst. 



' November, 3 

23 

18 


45 min. 

Do. 

3850—7 100A 

Very good. 

November, 4 

23 

29 


13 min. 

Baked Ila-o 

3800— 4H00A 

Good. 

5 cm. Prismatic Camera October, 28 

23 

37 


19 min. 

Kodak Linagraph 

3850— 7100A 

Slightly fogged. 






Slnjllbuisi. 



November, 3 

23 

07 


25 min. 

Do. 

3850— 7J00A 

Very good. 


23 

30 


20 min. 

Do. 

3850— 7100A 

Very good. 



Figure 1. Micropliotomelric tracings of slit spectrum of Comet Ikoya-Seki (J965f) obtained on October 30*985 and 
Nowmber^HW5. 
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Figure 1 shows microphotometer tracings of the slit spectrograms obtained on 
October 30.985 and November 3.975. The swan bands of C 2 , the CN bands, and the D 
line of sodium are the dominant features of the spectrum. The brightest lines in the 
spectrum on that day were the D lines of sodium. The cometary head displayed a fairly 
strong continuous spectrum. Particularly noteworthy is the very strong Hoc absorption 
line that can be seen in the spectrum of the nucleus. Also easily seen is the H(3 
absorption line. The other features in the spectrum are the bands of NHa particularly 
near 5976A, and an emission feature at 6299A which we identify as the forbidden 
oxygen line at 6300A, 



The intensity distributions across the coma in the light of the G> bands and 
Na-emission can be seen in' figure 2 where we also include the intensity distributions 
‘of 6300A of Ol. An easily noticeable feature is the steep intensity gradient in the di- 
rection of the sun. This aspect is most striking in the case of Na-emission, possibly by 
virtue of the high T 5 value of the D lines. 

The spectra obtained with tile, prismatic cameras as well as with the siitiess 
passegrain spectrograph have a fair coverage on either side of the time of perihelion 
passage. The ,D line in emission was seen to be weak on the first prismatic spectrum : 
obtained on, October 8 .99.. Subsequently on all spectra obtained until November i, 
the Na-emission in the cometary head was easily detectable. 

; Soon after perihelion passage we had a spell of bad weather, that prevented us 
from obtaining spectra for over a week, Our. first slitless spectrum obtained after peri- 
helion was on October 29, and this showed' very bright Na-emission in the coma. The . 
|28 cm, prismatic camera spectra show the Na-emission extending into the tail to about 2°. •• 
This feature is seen on our prismatic spectra until November 1. In figure 3, we give 
'a succession of scans at different distances from the cometary head to show the inten- 
sity of Na-emission in the tail. The sodium tail is relatively narrow, with little spread. [ 
This tail seems to possess a slight inclination to the dust tail of the comet. We have : 
tried to reconstruct the position of the sodium tail against the sky background on a : 
picture obtained at Koaaikarial witlf a Schmidt camera at the same time. While the \ 
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procedure we have adopted is of low accuracy in defining position, it indicates, tha t 
the sodium tail was approximately along the direction of the radius vector from the 
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Sun. The tail spectra obtained on both prismatic cameras show a predominantly conti- 
nuous spectrum which we interpret as due to scattering by the abundant dust in the tail 
that was present after the comet’s encounter with the Sun. The tail bands of CO+can 
be seen very weakly on the 28cm. prismatic spectrum obtained on October 30,985. 
Hence, we conclude that while the tail spectrum has been dominantly a continuous 
one, it nevertheless showed the tail bands of CO+ weakly and showed up well a sodium 
tail extending a little beyond 2°. 

We last saw the Na-emission in the coma on October 31.967. This is on the 
basis of a prismatic spectrum. On November 2.967 we could detect no Na-emission 
in the coma on a normal 16 minute exposure. On November 3.971, well-exposed 
pictures have been obtained with both prismatic cameras and these fail to show any 
trace of Na-emission. This was also confirmed on a slit spectrogram obtained of the 
comet, which, though a little underexposed, shows up all the strong emission bands in 
the comet and should have shown the D lines in emission, if they were of weak to 
moderate intensity. We thus consider, that, the Na-emission ceased to exist some- 
time from November 3 onwards, when the comet was at a heliocentric distance of 
0.593 A. U. This conclusion seems surprising in view of the fact that Na-emission is 
generally supposed to occur in comets, when t leir heliocentric distances are less than 
0.8 A.U. However, our observations of November 3 and 4, from different spectra 
obtained with two different instruments, show clearly beyond doubt, that the 
Na-emission ceased to exist on these dates. 

The cassegrain slitless spectra have been obtained with a telescope scale of 107mm. 
We have well-exposed spectra, both before and after perihelion passage and these will 
be used for the derivation of isopholes of thc.C* (1,0) band as well as the CN (0,0) 
band. The results will be published later. Since the effective scale in the spectrograph 
focal plane is 757mm. the dispersion of 250A/mm is low enough to show the CN (0,0) 
band as a single blob of emission. In contrast to this situation we have the 28 cm . pris- 
matic spectra show up the coma, resolved in the P and R branches by virtue of the 
much greater dispersion used in combination with the small telescopic scale. 


Kodaikanal Observatory, 
. December, 1966. 
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The Cosmic Ray Flare of March 7, 1942 


K. R. Sivaraman and L. M. Punetha 


Abstract 

The variation of the dynamic characteristics of the cosmic ray limb flare of March 7, 1942 based 
on the K 292 spcctroheliograms and H-alpha spectrohclioscope observations of Kodaikanal is presented. 
Although the flare had high flare ribbon velocities of the order of 1 7 km/scc. during the flash phase, with 
subsequent changes in its configuration, its effect on the nearby prominence was trivial. The loop pro- 
minence with typical condensations and knots formed at a height of 30,000 km. above the limb and con- 
nected to tire chromosphere by thin curved threads was noticed, about H hours after the flash phase. 


Observations on limb dares are of great interest, as they give information about 
; the vertical aspects of dares in the chromosphere. Observations of these dares are 
i important, as the dynamic characteristics of the dares and of the loop prominences 
associated with these dares, during their evolution can be studied conveniently, free 
from the background of photospheric light. 

The dare of March 7, 1942, is one of the 10 great solar dares observed so far 
which have generated cosmic rays recorded at ground level (Ellison etal 1961). 

1 Apparently the only sequence of spcctroheliograms obtained of this solar event was 
those taken at the Kodaikanal Observatory. This dare occurred over the sunspot 
. group (Greenwich 14015). Examination of the solar disc sketchings shows no other 
, active region. The only other spot group present on March 7 and March 8 (Green- 
f wich 14021) was not active. According to Greenwich, the spot group (Greenwich 
i 14015) was first seen approaching the West limb by February 7, returned to the east 
| limb on February 22 and passed the west limb on March 7, during its second rotation. 

! It returned to traverse the disc during the next two rotations (Greenwich photohelio- 
f graphic Results 1942). The group during the second rotation, gave rise to three flares 
: of importance 3*. The drst one, on February 21, when on the east limb was record- 
ed at Meudon, Newton (1947) the second dare on February 28, was described by 
Ellison et al 11961) and the third dare was on March 7, when the spot was on the west 
limb. From tne sunspot drawing of Ellison 1961 it was seen that the group during its 
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present passage across the solar disc was of complex magnetic type and the two main 
umbrae of the principal spot had field strengths of 5100 gauss (south) and 3900 gauss 
(north). The spot was of the potsdam 8-— configuration, thus satisfying an almost 





BRIGHT REGIONS ASSOCIATED W 
FLARE 
PROMINENCE 


Figure 1 \ The Cosmic Ray Flare of March 7, 1942 

necessary condition for generating a proton flare according to Warwick (1966), 
reached maximum area of 2048 millionths of the hemisphere on February 25, The ar< 
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progressively decreased during the foliowing days and on. March 6 was only 907 mil- 
lionths and on the day of the flare, 383 millionths. The spot group was at longitude 
85° W and heliographic latitude 7°N at the time of the flare. 


The Kodaikanal records on the March 7 flare, consist of a series of 50 spectro- 
heliograms in K232, H-alpha speclroheiioscope observations and original sketchings. 
The flash phase according to spectrohelioscope observations, is at 0445 U.T. and the 
time of maximum brightness at 0450 U.T. The times of the flash phase and the peak 
intensity based on ten best magnetic crochet records, Ellison et al (1961) are 0442+ 
lm U.T. and 0450 +2m U.T. respectively. 

In the spectroheliograms taken al 0424 U.T. and 0428 U.T. twojthin loops of 
prominences originating from 1° South of the flare eruption region could be seen. 
They were not present in the morning spectroheliograms taken at 0258 U.T. These 
were also absent in the flare sequence spectroheliograms starting 0500 U.T. One 
of the loops, extended towards the SW direction, whereas the other, curved over the 



lOtWSec 
5Km/$ec 
2 Khn/Sec 



TIME U.T. 


I'tgure 2: Time Height Graphs of Projected Height of Flnrc above the limb of 
four flare-elements. The drawing in the upper left hand corner gives the tangents 
for velocities of 10, 5 and 2 Km/Sec. 

flare region towards an old prominence, formed on March 2-3 and situated to the 
north of the flare region. We now describe, the evolution of the main optical features 
in relation to the series of K232 spectroheliograms. In the first flare spectroheliogram 
taken at 0500 U.T. about 10 minutes after the flash phase, two very bright flare ribbons 
protruding beyond the solar limb were visible *(A and B, Fig. 1). Their heights above 


A-10 


the limb at this instant were 11,000 km. and 9,300 km. respectively. The initial deve- 
lopment of this flare, was almost opposite to the flare of May 4, 1960, where, the flare 
began as a brightening in an existing abnormally bright prominence at an elevation of 
20,000 Km. above the limb (Ellison et al 1961). Assuming the start of upheaval of the 
flare ribbons to coincide with the flash phase of the flare, we find their mean projected 
velocity to be nearly 17 km/sec. This order of magnitude of the vertical velocity 
finds further support from the speclrohclioscope observations, where the line of sight 
velocities at two places were observed to be 145 km/sec. and 1 10 km/sec. at 0500 and 
0505 U.T. respectively. Such high flare ribbon velocities are quite a rare phenomenon 
(Ellison 1949). The two rising flare ribbons at 0500 U.T. showed an initial conical shape. 
By 0501 XJ.T. they had become rectangular by expanding at their tips (at the rate of 
62 km/sec.) but showed no change in height or the base line. At the same time, ano- 
ther bright ribbon C became conspicuous by moving away from the limb (V h «36km/ 
sec.). The whole region then merged into one block and continued to expand south- 
ward at the rate of 55 km/sec. and gained in height (V h »19 km/scc.) till 0508 U.T. 
Some part of the matter, thus brought forth in view was of a lesser intensity than the 
original flare ribbons, particularly at the southern end. This gave a frayed appearance 
to the ribbons. By 0508 a small streak D, 1°N of the three ribbons which had the 
brightness of a prominence became very bright and moved, away from the limb (Vh«* 
10 km/sec.). The ribbon D and the ribbon C continued to move away from the limb, 
maintaining a rate of 10 km/sec. till 0513, without showing any decrease in their bright- 
ness. The rate of movement in the region of ribbons A and B and south of it was al- 
most double (about 18 km/sec.) and hence, the portions near the limb and away from 
the limb, showed a decrease in intensity. In these regions the flare ribbons showed 
much filamentary structure. The rate of growth of the flare is shown by the time- 
height graphs for the elements A, B, C, & D. Fig. 2. 

From 0513 to 0526 U. T. the whole region projected beyond the limb die 
not gain in dimensions, but continued to become fainter. At 0529 U. T. both the 
motion away from the limb and the south ward extension were seen to start again 
Along with it, the whole region continued to become fainter, the bright intense 
regions being confined to few scattered patches which coincided with the original flare 
ribbons. This trend continued till 0633 U. T. when we have the last picture ol 
the day. The average velocity away from the limb was about 4 km. /sec. and the 
expansion rate was about 12 km./sec. These velocities showed an occasional rise 
by a factor of 3 to 4. Both the rate of rise and rate of expansion on the southern enc 
were roughly twice, than at the northern end. In the spcctroheliogram taken al 
0626 U. T. the internal structures such as loops and arches became distinct in the 
flare; one end of the main loop apparently anchored on the biggest spot was alsc 
seen. Within the next 5 minutes, the typical condensations, knots and loops of i 
loop prominence were formed in the region, about l-J hours after the flash phase, 
The knots at a mean height of 30,000 km. above the limb were connected with the 
chromosphere by thin, less bright curved threads. 

Considering the flare from its intense geomagnetic effects, its influences oi 
prominence activity were surprisingly trivial. To the north of the flare, there wai 
an old prominence P, formed around March 2. From the beginning of the flan 
till 0610 U.T. the prominence remained almost quiescent except for the formation of fev 
condensations in it, and the 'dispersion by diffusion or occasional lateral motion o: 
these condensations. From 0615 U. T,, the prominence changed its shape and curvec 
towards the flare' regions with' condensations at the top. In this respect, it differec 
distinctly from, the flare of July, 20, 1961, which caused violent changes in the prominence 
nearby. (Gaizauskas and Covington 1962; Bruzek 1965). This leads us to believe 
that there were no great changes in the configuration of the magnetic field followlni 
the flare, as according to Severney, this’ change in the configuration is often sufficien 
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to affect the stability of a nearby prominence, A prominence ray appeared with the 
flare at 3° north of the flare ribbon zone. This attained its maximum height at 0508 
U. T. and thereafter decreased in height, merging into the background by 0517 U.T. 

Among the secondary effects of this flare studied by Ellison (1961) were the 
outstanding magnetic crochets recorded at many stations, which showed an extremely 
abrupt start and rise to maximum. This has been taken to indicate the rapid rise 
of the flare to peak intensity. 

The increase of cosmic ray intensity was also recorded at 4 stations, the 
maximum at Cheltenham (Maryland) being 9 % above the pre-flare level and which 
lasted for about 12 hours. 

No magnetic storm and consequently no Forbush deprease in cosmic rays were 
observed following tl\e flare. This is to be expected according to Newton (1943) 
for, owing to the large heliocentric angle of the flare, the ejected corpuscular stream 
would invariably miss the earth. 

It is a pleasure to thank Dr. M. K. Yainu Bappu, Director, for suggesting 
this study and for continued help during the course of the investigation. 


Kodaikanal Observatory,"] 


November , 1966 
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The Evcrshcd Effect and Line Asymmetry in Sunspot Penumbrae 

A. Bhatnagar 


Abstract 

j During the Uvo successive passages of a sunspot across the solar disk, velocity field configura- 

tions have been obtained using three Zeeman insensitive lines (g~o), 4912.027, Nil ; 5576,101, Fcl 
and 5691,500 Pel (Ni). Large image resolution and high spcctrographic dispersion have been used 
for the determination of sight-line velocities in the spot. The observed sight-Hne velocities have been 
resolved into three mutually perpendicular directions — the radial, tangential and the vertical components. 

, The magnitude of the maximum radial velocity component, Umax, depends on the disc position of the 
spot anc! on the strength of the line. For lines of Rowland intensity 1, the magnitude of Umax, in the 
i spot penumbrae near the disc centre is about 2.0 to 2.5 km/scc, directed radially outwards towards the 
photosphere. Well developed spots show large radial velocities compared to spots in the initial phases. 

| From the knowledge of the mean depth of formation of lines in sunspot penumbrae (using Makita’s sun- 
spot pcmimbral model), a mean gradient of Umax with depth, of the, order of 4x 10' 3 km/scc. per km. 
in depth, has been obtained. 

Small vertical velocities of the order of 0.3 km/scc, , and less, directed downwards in the penum- 
’! bral region, have been observed. 

Sizable tangential velocities of the order of 0.6 to 1.0 km/scc. in the spot penumbrae have 
been detected. No definite direction of rotational motion in spots has been observed. The motion is 
both in clockwise and counter-clockwise directions, in the same spot. The present observations do not 
" fully confirm the existence or otherwise of the tangential velocities in sunspot penumbrae. However, 
in the light of the recent measures of the azimuthal component of magnetic field in sunspots by Adam, 
the presence of the tangential velocities could be expected. 

■i ^ A photometric analysis of the asymmetry in lines in the penumbra! region has been presented, 

i The direction of asymmetry m lines is always directed towards the general Evcrshcd flow ancl seems to 
end near the outer pcmimbral boundary, while the Evcrshcd flow continues in the photosphcric region. 

* The magnitude of the asymmetry ii^ lines is a function of the line strength and the location in the spot 
» region. The stronger lines show small asymmetry compared to the weaker lines. Near the disc centre 
i positions of the spots, the asymmetry in general decreases. It is suggested that the phenomenon of line 
asymmetry may be due to the relative Doppler displacements occurring in several strata of the line form- 
i mg layer, superimposed on small scale motion within the layer. 

1 Tn the photosphcric region of the spectrum, lines show slight “flaring” . This is conspicuous in 

v I, the darker portions of the spectrum. In the bright regions, due to the solar granules, lines appear very 
■ /mmotrical and no “flaring” in lines is seen. 

Introduction:—!! Evershed (1909a), while analysing sunspot spectra obtained 
a the Kodaikanal Observatory, noticed motion of sunspot gases in the penumbral 
egion. The spectra clearly revealed a horizontal and radial outflow of gases in the 
>enumbra. Further studies of Evershed (1909a, b, c, 1910, 1916) showed that the 
Magnitude of the radial motion depends on the disc position of the spot and the strength 
of lines. Everslied’s early observations of the radial motion in sunspots were later 
confirmed by the observations of St. John (1913). This discovery of radial horizontal 
flow of material in sunspot penumbrae, is now known as the Evershed Effect. 

1 -10/DAOK/66 
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Mitch later Abetti (1932) observed 26 spots and reported that radial and tangential 
velocities vary from spot to spot. Abetti also showed that the radial velocity is a 
function of the spot area. .Calamai (1934) suggested that the motion of gases in sun- 
spots is of a logarithmic spiral type. During recent years, 'Kinman (1952, 1953), Bumba 
(I960), Holmes (1961), Servajean (1961) and Brekke and Per Maltby (1 963) have extend- 
ed the study of the Evershed Effect in sunspots. A detailed and precise knowledge of 
the velocity and magnetic fields in sunspots is essential for an understanding of the 
sunspot phenomenon. 

For a precise understanding of the velocity fields in spots, it is necessary to 
have a large spectro graphic dispersion, large image resolution and good seeing condi- 
tions. As suggested by Kinman (1953) the sight-line velocities in sunspots are affected 
by: 

(1) the horizontal apparatus function of the spectrograph, 

(2) The Zeeman broadening, 

(3) obliteration of solar image due to the telescope, spectrograph and 

atmospheric conditions, and 

(4) scattered light in the telescope and spectrograph. 

To obtain an accurate velocity field configuration, it is necessary to minimise the above- 
mentioned obliterating effects. In the present study of the Evershed Effect, an image 
scale of 5.5" per mm and a spectrographic dispersion of approximately 6 to 8 mm per 
Angstrom were utilized. Table I, contains the details of dispersion, velocity factors, 
image scale, number of spots studied and exposure times used in the Evershed Effect 
studies. To completely avoid the influence of the magnetic field from the velocity 
field determinations, three Zeeman-insensitive lines were selected. These lines; 4912.027 
Nil, 5576.101 Fel and 5691.509 Fed (Ni), cover a limited range in excitation potential 
and in Rowland intensity. The details of the lines are given in Table II. 

Table 1 

Details of instrumentation used in the study of the Evershed Effect 


Author 


- 


Year 

Dispcr- 
o sion 
A/mm 

Doppler 

shift 

mm/kiTi/ 

sec 

Image 

scale 

See. of 
arc/mm. 

No. or 
Spots 

Exposure Wavelength 
Time Region 

seconds 0 

A 

Evershed . . , 




1909 

1. 1 

0.014 

16.3 

12 

30 

4650 





1909 

1.1 

0.014 

16.3 

4 

30 

4650 




■ 

1916 

1.1 

0.014 

22.0 

V 

5—30 

4650 

St. John 



1 

1913 

0.56 

0.025 

11.0 

il 

GO— 100 


Abetti 


* 

♦ 

1932 

1.2 

0.013 

11.0 

26 

. . 

4000 

Calamai 


• . 


1934 

1 ;5 

0.013 

11.0 

fl 

. . 

, . 

Kinman 




1952 

1.5 

0.013 

10.3 

l 

5-6 

5900 





1953 

1.5 

0.013 

10.4 

4 

2—5 

5900 

Bumba 


• 


1960 

0.29 . 

0.068 

5.9 

22 

1-2 

5900 

Servajean . . v , 


* 


1961 

0.5 

0,02 

9.0 

1 

I — 12 

5000 

Holmes 


, 


1961 

0.17 

0.109 

5.8 

1 

30—60 

5576 





1963 

Q.20 

0.092 

10.3 

1 

40—60 

5576 

Brekke and Per Maltby 


- 


1963 

0.28 

0,069 

6.8 


0.3—3 

4754 

Bhatnagar , 


, 


1964 

0,12 

0.137 

5.5 

2 

10—12 

4912 






0.17 

0.109 

5,5 

2 

3 

5576 






0,16 

0.113 

5.5 

2 

3 

5691 
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Tadjik 2 


Details of Zeeman-insensitive lines used for the velocity field determination 


Wavelength A 

Element 

Rowland Intensity 

B.P 

’. in volts 

Transition 

Disc 

Spot . 

Low 

High' 

4912.027 

Nil 

1 

1 

3.75 

6.26 

z 6 F— c°F 

5576.101 

I'd 

4 

4 

3.42 

5.63 

z 5 F — e°D 

5691.509* 

Pel 

2 

2 

4.28 

G.45 

y*F- — g B D 


The observed sight-line velocity fields reveal only the sight-line velocity variation 
in the spots. These measures are insufficient to present a complete velocity field 
distribution in spots, unless the true direction of the mass motion in spots is known. 
Further, the knowledge of depth dependence of the mass motion is essential for a velocity 
field model of sunspots. Methods are available for resolving the observed sight-line 
velocities into three component velocities; radial, tangential and vertical. With 
a suitable model of the sunspot penumbra and using the theory of line formation, it 
is now possible to determine the depth dependence of velocity fields in sunspot penum- 
rae. 

In. this study the observed sight-line velocities in sunspot penumbrae, were 
resolved into three component velocities radial, tangential and vertical. The sunspot 
penumbra model of Makita (1963) was utilized for determining the mean depth of 
formation of lines. The spatial distribution of the longitudinal component of the 
spot magnetic field, was also determined for a study of a possible correlation between 
the velocity- and the magnetic field configuration. 

The observations.— The Kodaikanal solar tower telescope was utilized in 
this study. Light from a 60 cm aperture coelostat of fused quartz, was fed to a 38 
cm aperture achromat of focal length 36.6 metres. A solar image of diameter 34.8 
ems was formed on the spectrograph slit. 

The 18 metre Littrow spectrograph in conjunction with the solar telescope, 
uses a grating ruled by Babcok as the dispersing unit. This grating of 600 grooves 
per mm is blazed in the fifth order green and lias a ruled surface of 200x 135 mm. 
Tests performed with an Iodine absorption tube have shown that close Iodine doublets 

at 5303 A, having approximately 0.009 A separation arc easily resolved in the fifth 
order. This shows that the theoretical resolving power of 600,000 of the grating is 
achieved. 

To estimate the scattered light in the spectrograph, spectra were taken with 
different slit heights varying from 0.5 cm to 2.5 cms. Long exposures were given .to 
greatly over expose the spectra. Mo blackening beyond the spectrum edges on these 
exposures were perceptible. Photoelectric determinations have also shown no percepti- 
ble contribution due to diffuse scattered light in the spectrograph. Wc have, therefore, 
assumed that the elfect of the scattcrd light in the spectrograph on the observed velocities 
is negligible. 

To determine the spatial variation of velocity and magnetic fields in sunspots 
five to six spectra were obtained with the slit of the spectrograph crossing various 
portions of the spot. To determine precisely the coordinates of the points where 
the Doppler displacements were measured on the spectrograms, -two wires 300 microns 
thick were stretched over the slit jaws. These wires cast shadows, on the spectrum 

* This line is identified ae blend of Fe (Nij in the Rowland tabic. 
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which serve as fiducial marks on the plate. , The spot spectra were taken after bringing 
the desired portion of the spot between these two wires. A recording of the position 
of the wires, the slit position and the spot, was made immediately after each exposure. 
The heliographic coordinates of the points, at which the velocity measurements were 
made, were determined by using these sunspot maps and the white light photohelio- 
grams taken daily at Kodaikanal, around the time of four observations. 

Measurement of Doppler shifts.— -The Frammhofer lines become very broad 
and diffuse under high dispersion, such as the one used in this study. However, it is 
essential to have high dispersion for a precise determination of small Doppler displace- 
ments. In the case of wide diffuse lines it becomes very difficult, if not impossible, 
to use the conventional method of measuring line positions bisecting the spectral line 
with a micrometer crosswire. The method used in this study, for measuring the sight- 
line velocities, utilizes essentially the principle of photographic subtraction. The 
principle was first used for wavelength determinations by Evei;shed (1913). The 
present method, is, however, an extension of the original Evers hed’s positivc-on-ncgalivc 
method, and is capable of yielding greater precision and convenience of measurement. 
The essential advantage of this method is that, the accuracy of the setting is independent 
of the width of lines. A more or less similar technique for measuring small Doppler 
shift was also used by Scrvajean (1961). 

The spectrum to be measured was mounted on the plate carriage of a Zeiss 
spectrum projector, and was magnified 21 times. The projector yields a distortion- 
free enlargement. On the magnified images of the spectra, the scale and velocity 
factors in the three spectral regions of interest were as follows: 


Wavelength A 


St ale A/mni. Velocity factor 

km/sec/mm. 


4912 O.OOliO . O.M) 

5576 0. ()(>»(> 0.426 

5691 0.0076 0.415 , 

The enlarged image of the line of interest 'in the spectrum was focussed on a stage 
attached to a micrometer screw. On this stage was mounted a suitable density positive 
enlarged copy of the line to be measured. Care was taken to see that the magnification 
of the positive copy and the enlarged image of the spectrum was exactly the same. 
For setting on the line centre, the stage on which the positive enlargement of the line 
was mounted, was moved to obtain a ‘grey’ match. At this position of the micro-, 
meter screw the positive profile precisely matches the negative. With a little practice 
it was possible to obtain a match within 50 to 60 microns of the micrometer scale, 
thus giving an accuracy of velocity measures of about 30 meters per second. A velocity 
measure obtained on the plate, is the mean velocity over 1.6 seconds of arc over the 
solar disk. 

The plate carriage of the spectrum projector is capable of moving in two per- 
pendicular directions : one along the dispersion, the X-dircction, and the other per- 
pendicular to it, the Y-direction. A precision dial gauge was attached in the Y-direction 
to read the position of the measured point from the wire shadow on the plate. The 
velocity measures were made at intervals of approximatey 1,100 km and on some plates 
at intervals of 1,900 km. 

To determine the sight-line velocities in the sunspot, with respect to the velocity 
of a remote pholospheric region, the following procedure was adopted. Line position 
settings on the two sides of spot were obtained using the ‘grey’ match technique. These 
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line positions were lilted into a straight line equation. Any deviation in the region 
'of the spot, thus directly gives the sight-line displacement, due to the velocity field in 
the spot. This method enables one to smooth out small scale Dopper displacements 
due to the granular motion in the photospheric region; 

This modified method of positivc-on-negative, seems to be free from personal 
bias. However, matching becomes difficult when the line acquires an asymmetric 
profile, especially near the penumbral boundary. 

From the formulae given by Walker (1909) or Minkowski (1942) for the curvature 
of lines in grating spectrograph, the maximum deviation in wavelength over a slight 
height of 14 mm, for a 60-foot spectrograph and in the wavelength region of interest is, 
less than 0.7 mA. The solar differential rotation on two sides of the spot observed was 
per sec. Considering their small magnitude, both these corrections to the velocity 
.measures have been neglected. 

Details, of the sunspots studies and sight-line velocity field. — The observations 
reported in this study were obtained during two successive passages of the same sunspot 
group. This investigation was aimed to study the changes in velocity field with the 
age of the spot. The Kodaikanal photoheliogram records show that Kodaikanal 
spot No. 12358 (KKL 12358), first appeared around December 18, 1962, at about 
14° cast of the central meridian, and receded beyond the western limb on December 
25* The same spot group appeared around January 8, 1963 on the eastern limb and 
was designated as KKL 12368. Until January 13, no apparent change in the shape and 
size could be noticed in the spot group. Between January 9 and 14 only two small 
flares were reported. From January 14 onwards rapid changes in shape and size 
were observed until January 18. During this interval, more than 7 sub-flares were 
reported in the CRPL data. It appears that from January 19 onwards, the spot group 
KKL 12368 attained the stable phase of its life. During its second passage across the 
disc, sight-line velocities were determined on January 13, 19, 20 and 21. The observed 
sight-line velocity fields arc given in Figure 1 which shows variations in velocity fields 
between the pre-development and post-development phases of the sunspot. 

The same spot group again appeared on the eastern limb on February 3, and is 
designated in Kodaikanal records as KKL 12375 on its third passage. The observations 
of the spatial velocity and magnetic fields were made on February 9, 10, M, 12, 14, 15 
and 16. Sight-line velocity fields arc given in Figure L On February 9, the umbra 
of this spot (KKL 1 2375) appeared split into two, surrounded by a common penumbra. 
This appearance of the spot remained till February LI, and around February 
12(L-L 0 = o) the two umbrae coalesced to form a single umbra. From the magnetic 
field plates and the shape of the spot, it was evident that the centre of the whole umbra 
was representative of the spot’s centre. 
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Figure 1 (c),— Sight line velocity field in Sunspots. Length of arrows arc proportional to the magnitude of sight line veil 
and the bold arrow indicates the approximate direction of the disc centre 
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Figure t (</). — Sight line velocity field in Sunspots. Length of arrows arc proporlion.il to the magnitude of sight line velocity 
and the bold arrow indicates the approximate direction of the disc centre, 

3—10 DAOK/66 



JAN. 19, A 176 & 9- 
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The sunspot KKL 12375 disappeared beyond the western limb around February 
19, and reappeared on March 3, on the eastern limb, with more or less the same shape 
that it had on the previous passage, Since March 5, until the spot vanished on the disc 
around March 14, 10 sub-flares of importance 1 to 1“ were reported. From the flare 
data and the configuration of the sunspot group, it is definite that from January 19 
through March 3, this spot was in a stable and well developed phase of its life. 

The variation of the velocity field configuration during the two passages and at 
the same disc position is an indication of the change in the velocity with the age of the 
spot. 

Spatial magnetic field in sunspots: The spatial distribution of magnetic field 
was determined for those spots for which velocity fields were obtained. The aim was 
to detect any inhomogeneity in the magnetic field greater than 100 gauss, that would 
affect the velocity field distribution. 

% 

The observations were made using a compound quarter wave plate and a Pola- 
roid mounted in front of the slit of the spectrograph. The Zeeman sensitive line, 6303 A 
was used for these measurements. The polarity of the observed spot was tied in with 
the visual measures of the same spot obtained at the Ml. Wilson Observatory.* 

The spot’s magnetic field, measured on seven days (January 19, February 9, 
10, 11, 12, 14 and 15), shows a positive polarity incdicating that the magnetic lines of 
force are directed outwards from the solar surface. The spatial magnetic field distribu- 
tion for each day is given in Figure 2. The number against each point on these sunspot 
maps represents the magnetic field strength in units of hundred gauss. 


* I am thankful to Dr. R. Howard for kimlly supplying the sunspot maps giving the magnetic field strength and 
polarity of some sunspots for comparison purposes. 
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Be termination of Component Velocities in sunspot penumbrac: The sight-line 

velocity that we measure on a spot spectrum, is the velocity of the line-forming layers 
along the line of sight. For an understanding of the physical processes of motion in 
sunspots, it is essential to have a knowledge of the mode of (low of material in sunspots, 
independent of the line of sight. 

; In order to reduce the measured sight-line velocities to the component velocities 

(radial, tangential and vertical) in the spot, it is convenient to assume a polar coordinate 
system (r,0) with the centre of the umbra (B, L) as origin. The distance from the spot 
centre, r, and the position angle , 0 (measured from west through north) of any point 
(neglecting the curvature of the solar surface around the spot) are given by : 

r « R 0 [ (A^cosB ) 2 +■ (AB)“ Y and 
, , AB 

tan ^ “aTcosB - ™ - ' ' 

where R 0 is the radius of the Sun, and A B and A X are the differential hcliographic 
coordinates of the point measured from the centre of the sunspot. 

The three components of the sight-line velocity, which would completely define 
the velocity lields in a spot are the radial velocity u y component directed radially away 
■ j from the spot centre, the tangential velocity v, directed normal to the radius vector of the 

• spot and tile vertical velocity w, directed perpendicular to tiic solar surface. It is 

! convenient to use the cylindrical coordinate system to obtain the three component 

velocities in spots. The radial, tangential and vertical velocity components are given 
by 

! u = r, v=r (j) and w » z 

| The corrected sight-line velocity is given by (Piaskett 1952) 

| V=u (cos (j> cosyi H- sin (f> cosy.,') + V (cos <j> cos y 9 — sin 0 cosy*) T w cosy 3 (1) 

where cos yi, cos and cos y» arc the direction cosines of the line of sight that depend 
! on the position of the measured point and which are given by 

cos yj —sin <L-L 0 ) cos 15 0 sin(0-|-0 1 ) cosecO 
, cos y 2 w [si nil cos B 0 cos (L-LJ — jsosBsin B 0 ] sin (0 -h0 A ) cosccO 

cos Ya — * 7 * cos (0-j-0j) 

For the spots observed, the value of 0, does not exceed 0.1° and is neglected; The helio- 
centric distance (L~L 0 ), and the heliographic latitude B for any measured point on the 
solar disc were obtained from the stmspot maps. B 0 and L 0 are given fbr each day in 
the Nautical Almanac. 

v 

; ; Equation (1) involves three unknown quantities u, v, and w. To determine these 

unknowns, three equations of the type (1) are required. Following Kinman (1952, 
ji •; 1953), it was assumed that the motion has a cylindrical symmetry about the spot’s centre 

| and that all points equidistant from the centre of the spot, satisfy the equation of condi- 

tion (1). The measured points around the spot were divided into annular zones of 
■ width 750 km to 1000 km, and for each annular zone we have the following equations, 

i! . Vi = uX x -|- vYi -h wZ, 

f V 2 = uX a -J- vYg + wZ 2 

'■ V. “ uXn + vY n + wZ„ 

\ 



< 


where 


X = (cos 6 cos Yi T sin (j> cos y 2 ) 

Y — (cos p cosy 2 — sin 0 cos y,) 

Z = cos y 3 — - — cos 0 

In the polar coordinate system (r, d>) with the spot centre as the origin, it is 
assumed that the spot surface is plane. In equation (1) the coefficient of w, cos v :J 
(—cos 0) is independent of 0 and is assumed constant over the spot surface. Follow- 
ing Servajean (1961), we have made cos constant and the vertical velocity component 
w in the spot, is referred with respect to a distant point in the photosphere. 

An IBM 1620 computer was used to obtain the component -velocities u, v and' 
w from the solution of equations (2) f6r each annular zone. In the same programme 
instructions were coded to yield data required for the root square errors of u, v and w 
velocities. The component velocities u, v and w, were obtained for each of the three 
lines as measured on the spectra obtained on January 20 and 21 and February 9, 10, 
11, 12, 14, 15 and 16. 

Determination of mean depths of formation of lines: An absorption line in 
the solar spectrum is formed over a considerable thickness of the solar atmosphere. 
Individual strata contribute to the formation of a line, depending on the physical 
parameters of each layer. A knowledge of the model of the atmosphere, that is, 
the dependence of temperature, pressure and the continuous absorption coefficient 
on depth is essential for determining the mean depth of formation of a line. With 
the availability of a sunspot penumbra model given by Malcita (1963), it was possible 
to determine the mean depth of formation of lines in the pcnumbral region. 

' The residual intensity of a point on the line profile is defined by 


i\ . ( 0 , A) - 'ax (o, f*) 

% KWF) (») 

Writing in the form indicated by Pecker (1951) and making use of the weighting function, 
vi x is given by the equation 

CO 


r 

x 



d t 

¥ W 


where the weighting function G, is given by 


J m [»*/,-(--) ] y - m [c*P-Qr) ] 

X 

00 


( 5 ) 


and 'P, the saturation function 

V /c AX\ dx 


X Y « cxjrt 


W / ^ 
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where B 0)— Planck function, 

P —cos 0, 0 being the angle between the solar radius at the point of observation on 
the disc and the line of sight, , 


k \— continuous absorption coefficient per hydrogen atom, 
k ax— selective absorption coefficient per hydrogen atom. 


In equation (5) the source function is made equal to the Planck function at an optical 
depth The source function is given by the expression, 

/?(t) ~ a + bx -t- c E z (t) (?) 

where E 2 0) is the exponential integral, and a, b, and c are the limb darkening constants. 


Integrating (7) and using the property of exponential integrals and substituting 
in (5), it can easily be shown that 


f 1 exp 


G = 


? + +•*)-*(*>] 


& -[- + * [/ — ] 


( 8 ) 


To determine the weighting function G, at five disc positions, use of the solar limb 
darkening observations at 5000 A, of Pierce and Waddell (1961) was made. 

Following ten Bruggencate et al (1955), integration of equation (4) was carried 
over the log t scale and equation (4) takes the form 


oo 


CG /*A>.\ 

}?* \kx 0 ) x ‘ 


iki 


-oo 


(9) 


where 


k exp 


os k 


V k\) ■/* Mi 


mi d <* 


-CO 


( 10 ) 


The selective absorption coefficient k &i per hydrogen atom is given by 

ic 1 1 


A. f M >° 


mc e 


•Xa AXZ) 


(H) 


Assumption is made that the velocity measures refer only to the core of the line, where 
7‘-°> A. is the number of atoms of the element per hydrogen atom, /is the oscillator 
strength, N is the number of atoms of the element in the energy level corresponding 

i x. tra ? sltl ? n res P°nsible for the line, N* is the total number of atoms of that element, 
and ax t , is the Doppler width, given by 


AX/) 


J 




( 12 ) 


2 RT 


M gives the thermal velocity and the turbulent velocity, was neglected 
because of ^unknown contribution in the calculation of the Doppler width of lines. 

The quantity in equation (11) was directly obtained from the combined Saha 

anc li® 0 ^ zman ? equations,. for each of the temperature and electron pressure values 
m the penumbra model, 
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The continuous absorption coefficient *x 0 is given by 


k 

x 


Np// 

N// 



k - 

-j • X Pe 



,.(13) 


Contribution to the continuous absorption due to neutral hydrogen was neglected and 
only the contribution due to the negative hydrogen ion was considered. 

The saturation function 't\ was obtained by numerical integration of equation 
(10). The contribution curve is given by 

y =g r~- ™ l i v 

L AX n k K J 


where 


k - 


me 3 


A.f. 


(14) 


The abundance was obtained from Goldberg et a!, (1961) and- the oscillator 
strength f of the lines from Wright’s (1944) curve of growth. 


Figure 3 shows the contribution curves for the line centre, for each of the two 
lines (4912 and 5691) at live disc positions. The bisector of the arae under each 
contribution curve gave the mean optical depth of formation of the line and thus 
determined the mean geometrical depths of formation of each of the two lines. The 

mean depth of formation of 5576.101 A Fe I, of Rowland intensity 4, in the sunspot 
penumbra seems to lie much higher than the other two lines, used in this study. The 
Makita penumbra model at our disposal docs not permit us to obtain a complete contri- 
bution curve for this line. 


X 5691 




I'fyuit J, — Contribution curves for ‘1912 and 5961 in sunspot penumbra. 
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In Table 3 is given the mean depth of formation of lines 4912.027 Ni 1 Rowland 
intensity 1 and 5691.508 Fe I Rowland intensity 2 in the penumbral region. 

Table 3 

Mean optical and geometrical depth of formation of 4912 and 5691 and the gradient of 
Umax with depth at nine disc positions of the spot ' ‘ J 


Depth of formation of 


Dale 






4912 Ni I 

5691 Fc I ~ 

O radical 
of Umnx 







log/ 

7 , kin 

log/ 

Akin 

in 

km/sec/kni. 

20 Jan. 

. 

. 



. 0.55 

—1.21 

1110 

— 1 .42 

145 

9.1 xlO- 8 

21 Jan. 

• 

* 



. 0.35 

— 1.30 

155 

—1.62 

117 

4.5 XlO-’ 

9 Feb. 

« 

• 

« 


. 0.75 

—1.04 

215 

—1.29 

166 

1.6 XlO- 3 

. 10 Feb. 

« 

• 

• 


. 0.05 

— 0.90 

230 

—1.24 

175 

0.3 XlO- 3 

11 Feb. 

• 

• 

• 


. 0.95 

’ - -0.96 

235 

-l.m 

lilt) 

1.3 XUr" 

12 Feb. 

• 

• 

• 


. 0.95 

— 0.9G 

235 

—l.Ki 

inn 

6.2X lO -3 

14 Feb. 

♦ 

* 

« 


. 0.05 

- 0.90 

230 

—1.24 

175 

7.2;< 10” a ’ 

15 Feb. 

♦ 

♦ 

• 


. 0.75 

—1.04 

215 

—1.29 

166 

3.HX ur a 

1G Feb. 

■ 




. 0.55 

—1.21 

100 

—1.42 

145 

2.3X 10"' 


Discussion oi the component velocities: (a) The radial velocity field ' The 
radial velocity component u, has the largest contribution to the mass motion in siinsnoi 
The component velocity u } was determined using the three Zeeman insensitive lines at 
two disc positions during the first passage and at seven disc positions during its second 
passage across the disc. Figure 4 gives the run of the component velocities’ u and w 
and then l.m.s. enois obtained from each ol the 3 lines and at 3 disc positions of the 
spot. At the top of each figure, the extent of the umbra and penumbra arc represented 
by the dark and hatched regions respectively. Table 4 gives the magnitudes of rad a 
tangential and vertical velocities and their r.m.s. errors. 1 


i J 






Tabu? 4 

Component velocities in Icm/sec . in Sunspot No. KKL 12375 on February 9, 
- 1963 at p =0*74 


•Spectral line 
used 


Distance from the centre of the spot in 1 0 s km. 



4 . 2 !) 

4.75 

5,25 

5.75 

6.25 

6.75 

7.25 

7.75 

0.25 

0.75 

9.25 

It 

4 - 0,57 

- 1 - 0.02 

4 - 0; 44 

4 - 1.14 

4 - 1.00 

4 - 1.13 

4 - 1.40 

4 - 1 . <16 

4 - 1.32 

4 - 1.24 

4 - 1 , 0 ! 

IMVKS. 

0.21 

0.02 

0.13 

0,20 

0.20 

0.31 

0.21 

o.ia 

0.10 

0.17 

0 . 2 C 

V 

- 1 - 0.35 

+ 0.07 

— 0.41 

- 0.00 

4 - 0.31 

4 - 0.50 

— 0.07 

— 0.31 

— 0.13 

— 0.60 

— 0.27 

r.tn.a. 

0.24 

0.03 

0.15 

0.20 

0.21 

0.31 

0.23 

0.10 

0.24 

0.19 

o.n 

W — \\r 0 

— 0.15 

— 0.07 

— 0.07 

- 0.00 

— 0.17 

4 - 0.01 

— 0,36 

— 0.33 

— 0.26 

— 0.40 

— 0.32 

r.in.s. 

0.09 

0,01 

0.02 

0.12 

0.12 

0.15 

0.11 

o.oa 

0.10 

0.00 

0.09 


Hjircitrwl line 
med 


Distance from the Centre of the. spot in 10° kin. 



9.75 

10.2 

10.7 

It .2 

11.7 

12.2 

12.7 

13.5 

14.5 

15.5 

16,5 

tt 

-1-1.37 

4-1.47 

4-1.30 

4-0,76 

4-0. 18 

4-0. 01 

-1-0.60 

-1-0. 00 

4-0.51 

4-0.20 

4-0.64 

r.m.fi. 

0-20 

0*42 

O' 2 1 

()• 20 

O' 32 

()• 25 

O' 33 

0*43 

0-22 

O' 30 

O' 40 

V 

• — 0-36 

• — O' 30 

— 0 • 34 

4- 0-09 

4-0*05 

T™0* 12 

-hO'lfl ' 

-O' 11 

—O' 09 

-10-24 

-O'U 

r.m.s. 

0-26 

0-35 

0- 15 

0*20 

0'20 

O' 17 

O' 30 

0- 20 

0- 16 

O' 27 

0-29 

W— W„ 

—0-12 

—O' 25 

—O' 15 

-O' 20 

— O' 34 

-0- 16 

-0* 02 

— 0* B 

— O' 1 1 

— O' 22 

—0* 00 

r.m.s. 

0* 13 

O' 10 

O' 06 

0- 13 

0*13 

o-oa 

0* 00 

0* 14 

0*06 

0- 1 1 

O' 10 
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Table 4 —(Contd.) 

Component velocities in km / sec, in Sunspot No. KKL 12375 on February 9, 1963 

at p —0.74 


Spectral line used Distance from the centre of the spot in 10 a kms, 






4-37 

,5-13 

5-07 

G-G2 

7-37 

O' 13 

U'fl7 

5,076 (A264) • 

* u 

r.m.s. • 

* 

• 

• 

• 

-} 0-67 
0-26 

-1-0' 54 
0-30 

4-0*58 

0-21 

4-0-67 

0-07 

-1-1 -02 
0-12 

-f-0'08 

0- 17 

-1-0-77 

0-20 


V 

r.m.s. 



•f-0-08 

Q'23 

-f-0-12 

0- IB 

-i-0'27 

0-22 

— 0-02 
0-07 

— 0-21 

0- 10 

— O' 38 
0-16 

-O' 12 
0- 16 


w— w 0 



0-00 

—O' 16 

—O' 16 

— 0-06 

—O' 12 

-0-24 

• — O' 13 


r.m.s. 



0- 10 

O'll 

0-10 

0-03 

005 

0-07 

O' 09 

5691 (A26f>) • 

• it 
r.m.s. 

, 


-I 0-53 

O' *10 

-(-O' 60 
,0-04 

-|-0' 76 

O' 13 

■* 

-|-1 -57 
O'OI 

-1-1*24 

0-02 

-1-1-37 

0-35 


V 

r.m.s. 

• 


-J-0-16 

0- 24 

-1-0- 97 
0-05 

-1-0-36 

O' 13 

•• 

— 0-06 
0-06 

—O' 33 
0-00 

-O' 25 
O'OO 


W— Wo 

. 

. 

—0- 22 

—O' 25 

— 0-20 

, , 

— 0-21 

-O' 14 

—0- 10 


r.m.s. • 

* 


O' 13 

0-02 

0-06 

• • 

O'OO 

O'OO 

()■ 04 


Distance from the centre of the spot in 10* km. 


Spectral line used 



9 -62 

10*3 

111 

12*0 

13*0 

14*0 

15*5 

17*5 

5576 (A2G4) 

u 

« 

-1-0 -70 

-1-0*24 

+0- 10 

-1-0 >07 

-1-0*27 

-1*0*25 

-1-0*26 

-1-0' 60 


r.m.s, • 

• 

0-14 

0-35 

0-14 

0*10 

0*20 

0*21 

0*20 

0*20 


V 

• 

—O' 15 

-1-0 -29 

-f-0'37 

-1-0*11 

-1-0*30 

-0-11 

•(-0*19 

-O' 03 


r.m.s. • 

• 

O' 13 

0-33 

0-11 

0*10 

0*40 

0*17 

0*23- 

0'09 


W— w. 

« 

—O' 23 

-O' 14 

-O'OO 

—0*15 

—0*09 

-0*21 

0*00 

O'OO 


r.m.s. • 

• 

O' 05 

O' 12 

O' 04 

0.04 

0*11 

0-06 

0*08 

0*02 

5691 (A265) 

u 

• 

-H'OO 

-1-0 -71 

-1-0' 70 

-1-0 *49 

-1-0 -62 

-1-0*70 

-1-0-47 

-1-0-30 

r.m.s, * 

« 

0-43 

0-23 

0*15 

0*30 

0*42 

0*30 

O' 17 

0*53 


V 

■ 

*1-0*01 

—0*02 

0*00 

-0*33 

—0*19 

—0*30 

— 0-02 

—O' 32 


r.m.s. • 

• 

0*25 

O' 10 

O' 13 

0*19 

0*10 

0*20 

O'll 

0* 19 


W — Wo 

• 

-0*14 

—O' 04 

—0*12 

—0*11 

—0*03 

-1-0*06 

-O' 15 

0-00 


r.m.s. • 

• 

0- 14 

0- 09 

0*05 

0*10 

0*11 

0*09 

O' 04 

O'OO 
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Table A — (Con til) 

Component velocities in km /sec, in Sunspot No. KKL 12375 on February 10, 1963 at 

P — 0,86 


Spectral line used ' Distance from the centre of the spot in 10 a Icin', 






4-37 

3- 13 

a *87 

(>•21 

7-37 

8 * 13 

0*87 

4912 ( A 27 !) • 

• u 

r . m . s . 

• 


-|-1 -03 

0 • 3 - 1 - 

|- 1 •54 
0-33 

-hi -73 
0-30 

4 - 1-64 

0-10 

41-47 

0-04 

-| l -20 
0-17 

4 - 1-37 

0-17 


V 


• 

- 1 - 0-23 

-- 0-15 1 

- 0-07 

— 0-16 

— - 0-20 

— 0-36 

- 0-10 


r . m . s . 


» 

0-36 

0-36 

O ' 10 

0-11 

0-04 

0-20 

0-18 


W — w 0 

i 

• 

— 0-29 

— 0-06 

-1-0-01 

- — 0-09 

— 0-07 

— 0-01 

— 0-12 


r . m . s . 

t 


0-12 

0-12 

0-03 

0-03 

0*01 

0-07 

0-06 

5376 ( A ‘ 272 ) • 

• u 

r . m . s , • 

• 


-|- 0 * 63 
0*13 

• 1 - 0-73 

0- 14 

-hi *22 
0-30 

- 1 - 1-03 

0- 14 

I 0-91 
0-07 

1-1 -02 
0-12 

h 0-76 

0 - 0 !) 


V 



-o- in 

- 1 - 0-05 

— 0-29 

— 0*23 

4 - 0-23 

1 - 0-12 

1 - 0-14 


r . 131 , 1 . 



0-13 

0-02 

0-22 

0-13 

0-08 

0*14 

0*10 


\V Wo • 



- 0-02 

—o - \a 

- 0-06 

— 0-05 

• • 0-011 

0-09 

-o*m 


r . m . s . 

■ 


0-05 

0-06 

0-09 

0-03 

0-02 

0-05 

0-03 

3691 ( A 273 ) • 

* u 

i 

* 

- hi -36 


.. 

•| 1 -35 

| 1 - 1)3 

4 - 1-43 

1 1-31 

r.m.s. • 

i 

» 

0*41 

» • 


0-25 

0-31 

0-24 

0*22 


V 

* 

♦ 

— 0-09 

4 > 


- j - 0-18 

— 0- 19 

- 0-09 

1 - 0-13 


r.m.s. • 

• 

4 

0-29 


•• 

0-211 

0-25 

0-22 

0-24 


W — Wo 

< 

■ 

-1-0-20 

t 4 

» 4 

4 - 0-06 

- 0-05 

—0* 10 

—0*15 


r.m.s. • 

1 

1 

0*12 

. . 

4 • 

0-10 

0-09 

0-09 

0*07 


Distance from the centre of the spot in 10* km. 


Spectral line used 

9-62 

10-30 

11-10 

~ 12 4)0 

12-60 

13-30 

15-00 

16*513 

4912 ( A 271 ) 

u 

r.m.s. 

• 4 - 1*36 

0*22 

4 - 0-93 

0*44 

4 - 1-30 

0-23 

4 0 * 73 
0-56 

4 - 0-74 
0 - 44 , 

-1 0 * 7*1 
0-31 

40 -n 

0-52 



V 

r.m.s. 

-"■ 0-20 • 
0-24 

4 - 0*04 

0*28 

— 0-13 

0-10 

1 0-40 
0*31 

10 - 2-1 

0-37 

-- 0-33 

0-25 

•1 0-31 
0-37 



W—W. 

— 0-09 

, *-- 0*07 

-- 0-15 

4 - 0*09 

— 0* 10 

4-0-04 

0-00 



r.m.s. 

0*09 

0*11 

0-12 

0*16 

0-13 

0-07 

0-11 


5576 ( A 272 ) 

u 

r.m.s. 

- 1 - 0*00 

0-28 

4 - 0-09 

0 - 01 ) 

•hO-87 

0-77 

4 - 0*90 

0-11 

4 - 0-46 

0*37 

•1-0-69 

0-35 

- 0-31 

0-25 



V 

r.m.s, • 

4 0-01 
0-23 

— 0-20 
0-07 

4 0-03 
. 0-30 

— 0*28 

0*08 

— 0-01 

0-28 

— 0 * 1 4 
0-28 

4 - 0*20 

0-30 



w — W i> 

— 0- 10 

• -0 • 1 9 

— - 0-28 

— 0-10 

- 0- 19 

- 0-16 

0-00 



r.m.s. 

0*09 

0*02 

0-17 

0*03 

0-06 

0-09 

0-0G 


5691 (A273) 

u 

r.m.s. 

4*1*43 

0*35 

- hi *35 
0-25 

40-92 

0-30 

4 - o* as 
0-30 

4 - 0-70 

0-24 


4 0-07 
0*38 

—0*11 

0*25 


V 

r.m.s. 

4 - 0*21 

0*33 

— 0-22 

0-20 

- 1 - 0-23 

0-25 

— 0-12 

0*24 

• 1 - 0-31 

0*23 

< » 

« • 

— 0*01 
0*29 

- 1 - 0*17 

0*23 


W—W. 

- 0-21 

—0*03 

-0-12 

-- 0*17 

40-01 

4 » 

— 0- 10 

0-00 


r.m.s. * 

* 0-12 

0-07 

0-07 

0-06 

0-06 


0-08 

0*05 
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Table 4 —(Contd.) 

Component velocities in km I sec in Sunspot No. KKL 12375 on February 1 1, J963 

fl//t==0.94 


Spectral line used Distance from the centre of the spot in 10 3 km. 





4.37 

5.13 

5,07 

6.62 

7.37 

0.13 

0.07 

45)12 (A279) . 

u 


1-1.25 

-1-1.71 

-1-2.15 

-1-1.02 

-1-1.30 

4-1.25 

-1-1.09 

r.m.s. 


0.11 

0.34 

0.15 

0.30 

0.36 

0.30 

0.3!) 


V 


— 0.29 

1-1.11 

—1.09 

—0.19 

->0.07 

-| 0.00 

-1-0.14 


r.m.s. 


0.14. 

0.54 

0.23 

0.44 

0,34 

0.34 

0.46 


W — Wn 


—0.10 

-1-0.07 

—0.12 

—0.16 

-1-0.02 

—0.01 

•—0.04 


r.m.s. . 


0.03 

0.09 

0.03 

0.07 

0.09 

0.09 

0.10 

5576 (A?Q0) . 

u 


-1-0.10 

1-0.0!) * 

-1-0.63 

-1-0.33 

-I 0.01 

-1-0.76 


r.m.s. . 


0.12 

0.10 

0.25 

0.40 

0.26 

0.32 

•• 


V 


1-0.20 

-1-0.26 

-1-0.40 

1-0.20 

1- .031 

+0.40 

* ' 


r.m.s. . 

• 

0.14 

0.10 

0.33 

0.3(1 

0.30 

0.37 

.. 


\v • Wn 

• 

. —0.05 

— 0.04 

-0,00 

—0.18 

— 0.02 

—0.01 



r.m.s. 

• 

0.03 

0.02 

0.07 

0.09 

0.07 

0.00 

•• 

5691 (A28 1 ) . 

. u 


-1-0,04 

-1- 1.69 

-1-1.96 

1-2.42 

-1-2.14 

1-2.01 

1-2.56 

r.m.s. . 

• 

0.15 

0.13 

0.35 

0.10 

0,27 

0.30 

0.45 


V 


-1-0.28 

-0.31 

- 0.37 

-0.27 

•1-0.03 

- -0,27 

— 1 .33 


r.m.s. 

. 

0.19 

0.13 

0.43 

0.10 

0.45 

0.311 

0.54 


W--W., 


—0.25 

—0.27 


—0.30 

—0.01 

■—0.25 

-0.26 


v.m 


0.03 

0.03 


0.04 


0.00 
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Spectral line used 


Distance from the centre of the spot in 

UP km. 




9.62 

11.10 

12.00 

12.60 

13.50 

15.00 

17.50 

1912 (A279) . . 

u 

r.m.s. . 

. . . +1.17 

0.35 

+ 0.31 
0.32 

+ 0.57 
0.30 

•• 

-1-0,07 

0.30 


• • 

• 4 


V 

r.m.s. . 

+ 0.06 
0.40 

1-0.30 

0.40 

+ 0.24 
0.40 • 

•• 

-1-0.26 

0.14 


■ » 

■ » 


W — Wo 

, .—0.05 

+ 0.02 

—0.10 

, , 

0,00 




r.m.s. . 

0.07 

0.07 

0.07 

•• 

0.03 


• » 

5576 (A200) . 

u 

r.m.s. . 

+1.11 

0.15 

1-1.00 

0.47 


•• 

+ 0.35 
0.15 


• • 

* 1 


V 

r.m.s. . 

—0.97 

0.27 

-0,11 

0,61 

•• 

, , 

+ 0.30 
0.20 


t * 

■ » 


W— We 

-0.04 

-0.01 

, , 


0.00 


I • 


r.m.s. . 

0.12 

0.11 

•• 

■■ 

0.03 


t < 

5691 (A201) . 

. u 

r.m.s. . 

-1-2.15 

0.39 

+ 0.56 
0.41 

+ 1.90 
0.30 

+ 2.00 
0.47 

+ 0.60 
0.26 

+ 0.60 
0.36 

+ 0.30 
0.32 


V 

r.m.s. . 

• -0.70 
0.54 

0.00 

0.45 

—1.49 

0.43 

—1.95 

0.GG 

—0.16 

0.34 

-1-0.20 

0.42 

—0.45 

0.03 


W — Wn 

—0.21 

-0,01 

-0.05 , 

— 0.04 

0.00 

0.00 

—0,04 


r.m.s. . 

0:09 

0.07 

' 0.05 

-0.07 

0.04 

0.04 

0.00 




Table 4 — ( Contd .) 

Component velocities in kmjsec in Sunspot No. KKL 12375 on February 12, 1963 

at p =0.95 


Distance from the centre of the spot iu 10 a km. 


Spectral line use it 





4.37 

6.12 

5.87 

6.62 

7.37 

8.13 

'ID 12 (A285) . 

. u 




+ 0.09 

-1-1.13 

-1-1.67 

+ 1.27 

1-1.69 

4-1.53 

r.m.s.. . 




0.06 

0.21 

0,39 

0.55 

0.54 

0.48 


v . 




— 0.59 

—0.01 

— 1.33 

-0.18 

+ 0.02 

• — 0.04 


r.m.s. . 




0.13 

0.25 

0.49 

0.09 

0.92 

0.2! 


W — Wo 




—0.16 

- -0.02 

-0.16 

—0.16 

—0.11 

-0.13 


r.m.s. . 




0.01 

0.04 

0.01! 

0.19 

0.13 

0.10 

5576 (A28G) . 

. u 




-1-0.33 

+ 0.93 

+ 0.02 

+ 0.97 

1 0.48 

+ 0.08 

v.m.s. . 




0.13 

0.41 

0.22 

0.24 

0.24 

0.21 


V 




—0.64 

—0.28 

-•0.11 

—0.39 

—1,06 

—0,87 


r.m.s. . 




0.10 

0.00 

0.20 

0.27 

0.21 

0,33 


W— Wo 




— 0.03 

—0.11 

-0.12 

—0.10 

4-0.04 

—0.10 


r.m.s. . 



■ 

0.02 

0. 15 

0.01 

0.05 

0.05 

0.05 

ft GDI (A2B7) . 

. u 



« 

+ 1.10 

+ 1.09 


41.26 

4-1.53 

+ 0.30 

r.tn.s. . 


« 

i 

0.27 

0.27 

•• 

0.44 

0.3G 

0,10 


V 


* 

• 

- -1 .06 

-1 1.77 


-0.50 

••4.06 

-0.86 


r.m.s. . 


« 


0,19 

0.22 


0.37 

0.46 

0.11 


W— Wo 




—0.22 

-0.34 

, , 

-0.20 

•—0.21 

+ 0,07 


r.m.s. . 




0,43 

0.21 

. . 

0.00 

0.07 

0.02 


Spectral lino used 



Distance front the centre of the spot in 10 3 km. 


8.85 

9.62 

10.50 

11,50 

13.00 

15.00 

16.00 

4912 (A285) . 

. u 


+ 1.82 

+ 1 . 19 

+ 0.59 

+ 0.96 


+ 0.30 



r.m.s. . 


0.05 

0.43 

0.65 

0.20 


0.34 



V 


—0.07 

—0.09 

-1,57 

—1.09 


+ 0.03 



r.m.s. 


0.17 

0.110 

0.24 

0.76 


0.65 



Vf— w« 


—0.30 

0.00 

0,00 

-0.11 


0.00 



r.m.s. . 


0.16 

0.1! 

0.16 

0.10 


0.00 


5576 (A286) . 

. u 


4-0.49 

+ 0.08 

4-0.35 

+ 0.71 

+ 0.63 

+ 0.39 



v.m.s. 


' 0,28 

0.39 

0.43 

0.43 

0.25 

0.24 



V 


+ 0.91 

—0.37 

4-0.39 

—0.36 

+ 0.61 

-0.33 



r.m.s. 


0.49 

0.56 

0,00 

0.57 

0.53 

0.72 



W— Wo 


—0.14 

4-0.12 

+ 0.11 

-0.09 

+ 0.11 

0.00 



r.m.s. 


0,08 

0,07 

0.11 

0.09 

0,07 

0.06 


5691 (A287) . 

. u 


4- 1 . 14 

+ 1.05 

+ 0.93 

+ 0.01 

+ 0.53 

+ 0.47 

+ 0.26 


r.m.s. . 


0.38 

0.22 

0.19 

0.39 

0.33 

0.15 

0.1G 


v , 


-0.79 

—0.22 

— 1 .43 

-0.47 

—0.64 

-0.55 

— 0,57 


r.m.s. 


. 0.53 

0.33 

0.30 

0.25 

0.92 

0.45 

0.62 


W — Wo 


+ 0.01 

0.00 

-0.05 

— 0.10 

—0.07 

+ 0,04 

0.00 j 


r.m.s, 

• 

0.08 

0.05 

0.04 

0.17 

0.08 

0,03 

0.03 



A35 


Table 4— (Could.) 

Component velocities in km / sec in Sunspot No. KKL 12375 on February 14 , 1963 

< 7 / « = 0.86 


i 


r 



„ , , Distance from the centre of the snot in !0 3 Icm. 

Spectra! line used 






4.37 

5.12 

5.07 

(5.(52 

7.37 

». 13 

8.07 

4912 (A293) . 

. u 



-1-0. 81 

+ 0.99 

+ 1.47 

4-1.32 

4-1.13 


+ 0.77 


r.m.s. . 



0.36 

0.36 

0.27 

0.41 

0.23 

.. 

0.52 


V 



— 0.14 

0.00 

—0.07 

—0. 16 

0.00 


—0.06 


r.m.s. 



0.30 

0.35 

0.2(5 

0.29 

0.25 

• • 

0.35 


w — w„ 



-0.02 

—0.13 

|- 0.02 

—0.01 

1-0.01 


+ 0.03 


r.m.s. . 



0.12 

0.11 

0. 10 

0,11 

0.06 

•• 

0.11 

5576 fA294) . 

. u 



1-0.73 

+ 0.09 

1 0.79 

1-0.91 

+ 0.91 

•1-0.65 

1-0.62 


r.m.s. 



0.11 

0.09. 

0.13 

0.27 

0.40 

0.36 

0.28 


V 



--■0.03 

+ 0.15 

4-0.31 

—0,03 

-0.11 

+ 0.09 

+ 0.30 


r.m.s. 



0.10 

0.11 

0.11 

0.25 

0.37 

0.19 

0.56 


w — Wo 



- -0.37 

-•-0.3(5 

- 0.34 

— 0.36 

—0.39 

-0.29 

—0.36 


r.m.s. . 



0.03 

0.03 

0.04 

0.09 

0.13 

0.07 

0.21 

5691 (A295) . 

. n 



4-1.19 

4-1.52 

+ 1.5(5 

4*1.78 

-1-1.09 

1-1.58 

4-1.21 


r.m.s. . 



0.00 

0.12 

0.11 

0.20 

0.24 

0.48 

0.75 


V 



-0.30 

-0.30 

•-0.15 

— 0.27 

—0.19 

+ 0.11 

-0.211 


r.m.s. . 



0.09 

0.12 

0.09 

0.17 

0.16 

0.24 

0.47 


W— Wo 



-0.16 

-0.15 

• -0.10 

-■0.14 

-0.09 

1-0.07 

-0.14 


r.m.s. . 



0.03 

0,04 

0.03 

0.06 

0-06 

0.09 

0.15 


r , . Distance from the centre of the spot in lO" km. 

Spectral line used „ 





9.62 

10.50 

11.50 

12.50 

13.50 

15.00 

17.00 

4912 (S293) . 

u 


I- 1.015 

1 1.15 


4-1.25 


+ 0.95 



r.m.s. . 


0.45 

0,61 


0.67 

. • 

0.34 

• < 


V 


+ 0.40 

+ 0.63 


0.00 


4-0.01 



r.m.s. 


0.31 

0,34 


0.45 

• < 

0.68 

•• 


W — Wo 


+ 0.10 

0.00 


+ 0.06 

.. 

0.00 



r.m.s. . 


0.10 

0.20 


0.13 

•• 

0.16 

•• 

5576 (A294) . 

u 


+ 0.69 

1-1.27 

1-0.49 

1-0.86 

•1-0.24 

-1-0.19 



r.m.s. . 


0.29 

0.54 

0.+5 

0.30 

0.39 

0.20 

• • 


V 


—0.41 

+ 0.23 

0.00 

+ 0.41 

-0.16 

+ 0.40 



r.m.s. 


0.19 

0.26 

0.34 

0.-10 

0.22 

.0.12 

• • 


W — Wo 


-0.24 

-0.22 

—0. 18 

—0.08 

-0.20 

0.00 



r.m.s. . 


0.05 

0.08 

0.11 

0.08 

0.06 

0.03 


5691 (A 295) . 

u 


+ 1.10 

+ 2.39 

+ 1.93 

-p 1 .85 

+ 1.41 


+ 0.34 


r.m.s. . 


0.35 

0.52 

0.70 

0.54 

0.71 

i • < 

0.57 


V 


+ 0.20 

+ 0.66 . 

+ 0.27 

+ 0,56 

+ 0.37 


+ 0,05 


r.m.s. . 


0,14 

0.27 

0.42 

0,30 

0.40 


0,32 


W— W n 


. - +0.04 

—0.14 

—0.07 

0.00' 

0.00 


0,00 


r.m.s. . 


0.06 

0.08 

0.11 

0.07 

0.00 


0.06 



A3 6 


Table 4— (Could.) 

Component velocities in km! sec in Sunspot No, KKL .2375 on February 15 , 1963 

at p - 0.75 


Distance from the centre of the spot in 10 3 km. 


Spectral line used 




d.37 

5,12 

5.07 

0.02 

7.37 

0.13 

8.07 

49I2/A299) , 

it 



+ 0.80 

+ 1.00 

+0.61 

+ 1.42 

-1-1.27 

•1 1.74 

+0.91 

r.m.s, 



0.20 

0.28 

0.32 

0.19 

0.30 

0.20 

fl.33 


V 



-0.10 

—0.17 

—0.22 

0.02 

-0.11 

-1-0.21 

-0,55 


r.m.s. 



0.02 

0.19 

0.20 

0.22 

0.22 

0.03 

0.21 


W — Wo 



— -0 . 2<» 

— 0 1 1 

- 0.19 

— 0.3!) 

- 0.30 

—0.00 

--0.01 


r.m.s,. 



0.09 

0.10 

0.10 

0.10 

0.11 

0.01 

0.10 

5576 (A 300) . 

u 



■1-0.90 

+ 1.05 

+0.77 

-1-0.47 

-I-O.05 

+ 0.55 

+0.27 


r.m.s. 



0.10 

0.12 

0.20 

0.12 

0.30 

0.23 

0.18 


V 



-1-0.23 

+0.33 

-0.31 

1 0.17 

1 0.11 

- 0.11 

+0.19 


r.m.s. . 


« 

0.07 

0.07 

0.30 

0.19 

0.32 

0. Hi 

0,07 


W—Wo • 


• 

—0.06 

0.00 

0.00 

- 0.00 

1 0.0 1- 

-1-0.02 

+0.10 

* 

r.m.s. 


• 

0.05 

0.01 

0.12 

0.00 

0.10 

0.08 

0.01 

5691 (A 301) . . 

u 

* 

* 

+ 1.03 

+ 1.81 

1-1.55 

•1 1.20 

4 0.90 

1 0.92 

+ 1. 11 


r.m.s. 

♦ 

• \ 

0.33 

0.G3 

0.08 

0,17 

0.42 

0.11 

0.02 


V 

i 

• 

-0.21 

+0.31 

-1-0.09 

• -0.13 

-0.14 

1 0.21 

-0.01 


r.m.s. . 

» 

■ 

0.21 

0.42 

0.5-1 

0,25 

0.30 

0. 11 

0.24 


W — Wo 

• 

. 

—0.10 

+0.12 

—0.09 

1 0 ; 22 

■ -0.02 

•! 0. 10 

-0.09 


r.tn.R. . 

< 


0.11 

0.24 

0.20 

0.0!) 

0.19 

0.07 

0.12 


Spectral Hue used 


Distance from the <en 1 re of the spot in 10 3 km. 

9,02 10.50 11,10 11.00 13.20 TsToO 


4912 (A299) . 

. u 




-1- 1 .25 

hi. 38 

■I 1.02 

1 0,82 

+ 1.03 

+0.00 

r.m.s, 




0.03 

0.40 

0.28 

0.09 

0.55 

0.25 


V 




1 0.01 

+0.10 

• -0.30 

- 0.01 

- 0.17 

+0.1J 


r.m.s. 




0,31 

0.25 

0.17 

0.05 

0.18 , 

0.13 


W— Wo • 




— 0.07 

1-0.00 

-•0.00 

-0.02 

—0.06 

0.00 


r.m.s. 




0.10 

0.13 

0.09 

0.02 

0.11 

0.0-1 

5570 (A 300) . 

. u 





+0.53 

+ 0.02 



•1*0,33 

r.tn.s. 





0.30 

0.27 



0.26 


V 





—0.07 

—0.13 



-0.07 


r.m.s. 





0.14 

0.11 

•• 


0.12 


W— Wo * 





+0.00 

-1-0,08 

, , 


0.00 


r.m.s. 





0.08 

0.35 

•• 


0.0® 

5691 (A301) . 

. it 




+ 1.3! 

1-1.19 

-1-0.92 


+0.90 

+0,65 


r.m.s. 




0.42 

0.21 

0.18 

•• 

0.22 

0.14 


V 




-0,03 

+0.04 

-0.19 


—0,72 

0,00 


r.m.s, 




0.27 

0,12 

0. 12 


0.00 

0.09 


W — Wo . 



i 

-0.03 

-0.02 

—0.02 

t , 

+0.34 

0.00 


r.m.s, 



* 

0.10 

0,06 

0,06 


0.54 

0.40 


A3 7 


Table 4 —(Contcl) 


Component velocities in km j sec in Sunspot No. KKL 12375 on February 16 , 1963 

at p ^ 0.56 






Distance from the centre of the spot in IO 3 km. 



4.37 

5.12 

5.87 

0.02 

7.37 

8. 13 

'15)12 (A 305) . 

ii 



-1-1.03 

-1-1.40 

I 1.1! 

1-2,09 

1-1.77 

4 1.01 


r.m.s. 



O.I» 

0.21 

0.21 

0.01 

0.40 

0.50 


V. 



-| 0.111 

-1-0.25 

-0.07 

4-0.02 

-1-0, 13 

4-0.21 


r.in.s. 



0.05) 

0.01) 

0.12 

0.33 

0.1-1- 

0,20 


W— \V„ • 



--0.0G 

1-0.02 

—0.05 

— 0.28 

—0,05 

— 0.03 


r.m.s. 



0.06 

0.05 

0.05 

0.19 

0.07 

0.10 

5576 (A30G) . 

u 



-1-0.70 

-i-o. on 

4-0.72 

-1-0,70 

4-0.22 



r.m.s. 



0.19 

0.23 

0.25) 

0.78 

0.34 



V 



•1-0.09 

*- -0.03 

1-0.12 

4-0.10 

-0.1 I 



r.in.s. 



0.11 

0.14 

0.11 

0.10 

0.14 

1 « 


W--\Vo ■ 



. - 0.13 

—0.13 

— 0.13 

-1-0.01 

-0.19 

• • 


r.m.s. 


• 

0.07 

0.08 

0.07 

0.09 

0.08 

1 » 

565)1 (A307) . 

u 


* 

1-1,70 

-1-1.70 

-1-1.03 

-1-1.03 

4-2.00 

-1-2.18 


r.in.s. 


« 

0,3-1 

0.37 

0.50 

0.40 

0.02 

0,41 


V 



1-0.30 

1-0.27 

1-0.37 

-1 0.22 

1 0.14 

4-0,41 


r.m.s. 

• 


0.12 

0.15 . 

0.23 

0.50 

0.15 

0.42 


w— ■ \v n • 

• 


-0.39 

—0.30 

-0.23 

---0.25 

-0.24 

-0.08 


r.m.s. 

• 


0.08 

0.08 

0.12 

0,10 

0.10 

0.16 


\ 


1, 

t- 

• 




Distance from the centre of the spot in 10 3 lent 



8.87 

9.62 

10.50 

,12.00 

14.00 

!■' 4912 (A305) . 

. u 





+0.24 

-1-U6 

+ 1,22 

+ 1.08 


r.m.s. 




•• 

O.GI 

0.46 

0.47 

0.72 

i 

V 





--0.34 

-0.02 

+0.17 

-1-0.10 

i*!' 4 

r.m.s. 





0.20 

0.14 

0.18 

0.19 


W~* YVp • 





0.00 

-0.04 

-0.06 

0.00 

i 

r.m.s. 




•• 

0.09 

0.06 

0.05 

0.07 

p 5576 (A30C) . 

. U 




4-0.89 

40.90 

1-0.53 

-1-0.79 

-1-0.84 


r.m.s. 




0.50 

0.37 

0.32 

0.09 

0.59 

(, ' 
f ; 

V 




1-0.30 

4-0.00 

--0,12 

0.00 

-1-0.07 

)•'' 

r.m.s. 




0.41 

0.69 

0.09 

0.32 

0.15 

F; 1 

w — w., • 




0,00 

--0.01 

—0.01 

—0.03 

0,00 

f 

r.m.s. 




0,25 

0.31 

0.05 

0.13 

0.06 

j' 5691 (A307) . 

. u 





-1- 1 . 95 


-1-1.43 

+0.87 


r.m.s. 





0.15 


0.50 

0.10 


V 





4-0.26 


+0,40 

+0.24 


r.m.s. 




•• 

0,01 

•• 

0.19 

0.51 

si; 

W— Wo • 





—0.27 


0.00 

0,00 

J ;ii. 

1 - 

r.m.s. 




•• 

0.09 


0.07 

0.34 




A3B 


Table 4 —(Contcl) 

Component velocities in lanfsec in Sunspot No. KKL 12368 on January 20 , 1963 

at /‘ — 0.54 


Distance from the centre of the spot in HP km. 






5. 50 

6,75 

0.25 

9.75 

11.20 

•HJI2 (A1BG) . 

. n 




+0.G6 

-1-0.90 

1-1.04 

-1 0.89 


r.m.s. 




0.10 

0.07 

0,13 

0,07 


v 




+ 0,30 

+ 0,55 

1-0.31 

—0,04 


r.m.s. 



• « 

0.12 

0.08 

0.08 

0. HI 


\V — W„ • 



« • 

—0.29 

—0.38 

— 0.24 

—0,211 


r.m.s. 



« « 

0.07 

0.04 

0.06 

0,09 

5576 (AI81) . 

. tl 



+0.20 

+0.35 

+0.22 

4-0.57 

-i-0. 40 


r.m.s. 



0.05 

0,00 

0.14 

0,14 

0.19 


V 



-1-0.13 

— 0.16 

—0.12 

—0,02 

-1-0.13 


r.m.s. 



0.05 

0.00 

0.10 

0.20 

0.19 


W — Wo • 



-1-0.03 

+0.01 

—0.06 

—0.02 

—0.07 


r.m.s. 



0,02 

0.04 

0.06 

0.10 

0,11 

5691 (A 1 60) . 

. u 



+0.28 

+ 0.47 

-i-0. 66 

•1 0,62 

+ 0.6$ 


r.m.s. 



0.04 

0 23 

0,14 

0,27 

0.21 


V 



--0.UU 

1-0,52 

+ 0.17 

-1-0,29 

—0,06 


r.m.s. 



0.0*1 

0.22 

0.19 

0.29 

0,22 


W — Wo • 



— 0.21 

0.00 

0.00 

—0.03 

+ 0.16 


r.m.s. 



0.01 

0.03 

0.10 

0.16 

0.14 


Distance from the centre of the spot in 10 a km. 


•- 





12.70 

14.20 

15.70 

17,20 

10.70 


4912 (A1G6) . 

. u 



+ 1.03 

+0.79 

+0.73 

+0.56 

+0.5* 

r ; ' 


IMUiS. 


* • . 

0.21 

0.12 

0.42 

0,31 

0.51 



V 



+0.31 

—0.14 

4-0.51 

+0.13 

-0.08 



r.m.s. 



0.20 

0.18 

0,39 

0.30 

0.40 

i 


w— W 0 • 



—0.11 

—0.12 

—0.12 

0.00 

0,00 



r.m.s. 



0.09 

0.07 

0.20 

0.11 

0,22 


5576 (A181) . 

. u 



+0.53 

+ 1.00 

+0.52 

+0,47 

+ 0.43 



r.m.s. 



0.16 

0.24 

0.18 

0.14 

0.21 



V 



+0.17 

+0.43 

+0, 18 

+0.10 

+0.07 

■ I' 1 ' 


r.m.s. 



0.20 

0.17 

0.25 

0.23 

0.20 

h'i 


W— Wo • 



—0.08 

—0.08 

+0.09 

0.00 

0.00 

+ i' 


r.m.s. 



0.10 

0.07 

0.10 

0,06 

0.07 

/ j[ ' 

5691 (A1Q0) . 

. u 



1-0.74 

+0.69 

+0.77 

+0.45 

+0.72 

+ 


r.m.s. 



0.23 

0.03 

0,38 

0.21 

0,22 

|j-' 


V 



—0.06 

—0.68 

0.00 

—0.94 

+0,28 

V\\ 


r.m.s. 



0.22 

0.05 

0.28 

0.57 

0,26 



w — w<, . 


« « 

+0,18 

—0.28 

+0.13 

-0.31 

0.00 

+i 


r.m.s. 


< • 

0.14 

0.03 

0.12 

0.12 

0.09 
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Table 4— (ContcL) 

Component velocities in km/sec Sunspot No. KKL 12368 on January 21, 1963 

at /x=0.35 


Spectral line used 


Distance from the centre of the spot in 10 a lun. 

3.50 6,75 8.25 9.75 11.20 


4912 (A189) , 

tl 




-1-0.69 

-1-0.40 

-1-0,66 

+0.38 

+0.31 


r.m.s. 




0.1C 

0.16 

0.13 

0.21 

0.22 


V 




h0.t3 

—0.08 

+0.02 

—0.12 

-0.18 


r.m.s. 




0.19 

0,14 

0.08 

0.22 

0.30 


W — Wo • 




—0,17 

— 0.21 

—0.02 

-0.00 

-0.07 


r.m.s. - , 




0.07 

0.00 

0.05 

0,06 

0.00 

5576 (A190) . 

. u 




1-0.59 

1-0.45 

+0.44 

+ 0.51 

-1-0.62 


r.m.s. 




0.19 

0.14 

0.13 

0.14 

0.26 


V 




1-0.25 

1-0,24 

+0.32 

+ 0.11 

+ 0.31 


r.m.s. 




0.14 

0.13 

0,21 

0.13 

0,17 


\V — W« • 




1 0.13 

-0,08 

— 0.04 

0.00 

0.00 


r.m.s. 




0.09 

0.07 

0.09 

0.04 

0.09 

5691 (A191) . 

. u 




-1-0.91 

1-0.00 

+0.82 

+0.96 

+0.61 


r.m.s. 




0.09 

0.12 

0.19 

0.41 

0.19 


V 




-1-0.52 

h0.35 

1-0.30 

1-0.39 

1-0.33 


r.m.s. 




0.06 

0.11 

0,22 

0.20 

0.18 


W— Wo • 

, 

, 

, 

-1-0.09 

0.00 

+0.01 

0,00 

-0.00 


r.m.s. 

• 



0.05 

0.00 

0.15 

0.12 

0.09 



Distance from the centre of the spot in 10 3 km. 


spectral line used 



12.70 

14.20 

15.70 

17.20 

19.00 

4912 (A 189) . 

u . 

r.m.s. 


-1-0.53 

0.13 


+0.03 

0J0 




V 

r.m.s. 


-1-0.24 

0.12 


-0.19 

0.08 




W— W.v ■ 

r.m.s. 


+0.08 

0.04 


0.00 

0.02 


■ • 

5576 (A190) , 

u 

r.m.s. 


+0.22 

0.24- 


+0.32 

0.10 

+0.23 

0.23 

+0.16 

0.18 


v 

r.m.s. 


- -0.13 

0.19 


0.00 

0.14 

+0,03 

0,18 

-1-0.05 

0.15 


W— Wo . 
r.m.s. 

• 

+0.09 

0.06 


+0.06 

0.05 

+0.02 

0.05 

0.00 

0,03 

5691 (A191) , 

u 

r.m.s. 


+0,35 

0.27 

+0.49 

0.24 

•• 

+0.31 

0.23 

+0.08 

0,11 


V 

r.m.s. 


+0.09 

0.30 

+0. 19 
0.17 


+0.14 

0.16 

—0.01 

0.09 


W — Wo • 

r.m.B. 


+0,02 

0.13 

+0.05 

0.08 


—0.01 

0,08 

0.00 

0.03 




/ 
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The run of the radial velocity u, shows that the radial velocity steeply increases 
near the umbral border, to attain its maximum value near the middle of the pcnumbral 
region. From the peak value, the radial velocity gradually declines to become nearly 
zero, far out in the photosphere. Recently Brckke and Per Mallby (1963) have shown, 
from observations of a single spot that the radial velocities abruptly cease at the outer 
boundary of the penumbra. However, observations of Fvershed (1916), Kinman 
(1952, 1953), Holmes (1961), Servajcan (1961) and this study, show that the material 
flow continues far out into the photosphere. 

The rise of the radial velocity to the peak value is generally very steep compared 
to the decline. A slight shift in the location of the peak velocity across the penumbra 
could be clue to the errors in locating the boundaries of the umbra and the penumbra. 
The magnitude of the maximum radial velocity Umax in all the three lines, shows a 
decrease towards the disk positions of the spot near the limb. Michard (1951) and 
recently Servajean (1961) have reported such a decrease of Umax near the limb position 
and have interpreted this decrease as due to the decrease of U m;i x with increasing height 
in the photosphere. Holmes (1963a) has shown that the observed velocities in spots 
are affected more towards the limb by the scattered light and the observed decrease of 
U mil x may not wholly be due, to the level difference in the photosphere. A plot bet- 
ween Umax and the disc positions, for each of the three lines, is given in Figure 5. 
The slope of Umax : for 5691 and 4912 lines is almost the same, while for the stronger 
line 5576 (Rowland intensity 4) the slope is different. The 5576 line is formed at a 
higher level than either of the two lines. 



Figure 5.— Umax versus disc position ( {*■ ) of spots. Grosses indicate ihc velocities measured in the eastern quadrant; dot* , 
indicate the velocities measured in the western quadrant. 

Ordinate —• Umax in Km/scc. Abscissa — disc position of the spot. 
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Comparing the pattern of radial velocity curves for different disc positions of the 
spot, it is noticed that the velocity patterns flatten out for, the spot-positions near the 
limb. For spots located near disc centre, the radial velocity curves show a steep rise 
and relatively slow decline. The velocity run for all the three lines at one disc position 
appears to be similar. On some disc positions of the spot, a small hump appeared 
near the outer edge of the penumbra. This hump in velocity curve was visible in all 
the three lines. A similar double peak in the radial velocity curve was also observed 
by Kin man' (1953) in the case of Mount Wilson spot No. 10955. Sunspot spectra 
obtained on January 20 (/*=0.54) and February 16 (> = -0.54) refer to the same spot 
group, but on two different passages and almost at the same central meridian distance. 
Hence the velocity fields obtained on January 20 and February 16 can be compared for 
possible effects of age difference. These observations reveal that the spots show large 
radial velocities during their well developed phase, compared to the early phases. 

Comparing the radial velocity field and the magnetic field maps, it is evident 
that the radial velocity increases in the penumbra with increasing distance from the 
umbral border. The velocity attains its maximum value about half way in the penum- 
bra! region, and then gradually decreases to zero well outside the penumbra! limit. 
The magnetic field however, decreases monolonically with increasing distance* from 
the spot centre to attain less than or equal to half its peak value near the middle of the 
penumbra. In this study of the Evcrshed effect and the spatial magnetic field, it was 
not possible to obtain a point-to-point correlation between the velocity and magnetic 
field pattern. It is planned to investigate the interaction of magnetic and velocity 
fields in the sunspot atmosphere from the observations of high resolution spatial 
magnetic and velocity fields. 

The variation of the maximum radial velocity Umax 1 with depth in spots was 
first suggested by Evershed (1910) and later a detailed investigation was made by St. 
John (1913). From the calculations of the mean depth of formation of lines, gradients 
of Umax, with depth were obtained at nine disc positions of the spot and are given 
in Table 3. 

(b) Vertical velocity , w ; The vertical velocity w, is the component directed 
outwards and normal to the solar surface. The measures of the vertical velocity 
are referred to the vertical velocity w n , of a far removed point in the photosphere. 
The quantity (w — w 0 ) and their r.rn.s. errors are plotted in the lower halves of Figure 4. 
The direction of these small vertical velocities is systematically negative in the penumbra 
and the maximum amplitude is of the order of— 0.3 km/sec. This indicates a descend- 
ing motion of matter, in the pcnumbral region. 

The variation oT the vertical velocity with disc position is evident from Table 3. 
A decrease of maximum vertical velocity towards the limb positions of the spot, is 
observed for all the three lines. 

(c) Tangential velocity , v ; The existence or otherwise of the tangential compo- 
nent of velocity or a rotational motion, in sunspots is yet to be confirmed. There arc 
reliable and convincing observations in the literature that indicate the presenceas well 
as absence of the tangential velocities, in sunspots. Evershed (1910, 1916) detected 
tangential velocities of the order of 0.25 to 0.35 km/sec and even higher. Abctti 
(1932) found irregular tangential velocities of the order of 0 to 5 kmjsec and suggested 
that the tangential motion varied from spot to spot. Kinman (1952) found that the 
the tangential component v was random in nature and was well within 
the* errors of measurements. Servajcan (1961) has also shown that the magnitude 
of v, on most of the spot positions on the disc was very small. In his Tabic III (Servajcan 
1961) sizable tangential velocities (— 0.33 to -bO.55 km/sec) occur on April 27 and 30. 
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Our .results of the tangential velocities and their r.m.s. errors, arc given in 
Table 3. Figure 6 shows the run of tangential velocity component and their r.m.s. 
errors, on February 9 and 10, measured in all three lines, 'flic tangential velocity 
measured from the spectra of January 20, 21 and February 9 & 10, show a slight syste- 
matic pattern of velocity variation over and above the large r.m.s. errors. At posit- 
ions near the disc centre, the tangential velocity patterns show no systematic trend. 
At a few points in the spot, the component velocity v was found to be as high as 1,5 
J;0.6 km/sec. An exact correspondence between the tangential velocity run in all the 
three lines is not found. 


m ma mumsy . rzzzzzsza Feb. 9 , 1963 t e b. 10,1963. 



iigme 6 , — Run of liimjcniiul velocity (ompononi mid r.m.s errors. 
Ordinate — in km/.Mv 
Abscissa — in 100(1 km 



From our observations of the tangential velocity and also on the basis of the 
work briefly reviewed earl®*, it will be realized that further observational corrobora- 
tion is necessary before we can denfiitcly recognize the contribution of the tangential 
component to the velocity fields in sunspots. Adam’s (1963) recent measures of the 
magnetic field in spots and the detection of the azimuthal component of magnetic 
field indicate the possibility of the presence of tangential and vertical velocities. Adam 
(1963) has shown that while the field strength remains stable, the direction of magnetic 
field varies from day to day. 

As shown earlier, the largest contribution to the mass motion in spot penumbra 
comes from the radial component only. Nevertheless, the existence of the tangential 
motion has not been repudiated and on the other hand its presence may be in agree- 
ment with the recent observations of Adam (1963). Considering the high conductivity 
of the solar material, the flow of material has to be along the magnetic lines of force. 
Tt would be impossible for the conducting material to ‘slip-cross’ perpendicularly the 
magnetic lines of force. With the existence of the azimuthal component of magnetic 
field in sunspot pcnumbrac, it implies that the motion should have a tangential compo- 
nent also. 

In some of the radial and tangential velocity measures, large rin.s. errors are 
noticed. These large r.m.s. errors could be due to the following reasons ; 

(1) the number of the measured velocity points in each annular zone may 
be small, 

(2) our basic assumption that the motion has a cylindrical symmetry 
about the centre of the spot, may not be wholly valid. 

The phenomenon of line profile asymmetry in sunspot pcnumbrac. ; The important 
phenomenon of asymmetry of spectral lines in the sunspot pcnumbral regions, was 
first discovered by Evershed (1916). He showed that near the outer boundary of a 
spot penumbra, the spectral lines develop a strong diffuse wing, which is always directed 
towards the Evershed displacement. A diffuse asymmetric wing in lines is easily seen 
on the spot spectra taken by McMath et al, (1956). Recently, Bumba (I960) r at the 
Crimean Observatory has studied this phenomenon. He used, high spcctrographic 
dispersion and a large solar image. He termed this diffuse asymmetry in spectral 
lines as ‘Flag’ and has resolved this ‘Flag’ into a separate ‘Satellite’ line. 
This satellite line indicates Doppler shifts of the order of 5 km/sec or more. 
Servajean (1961) has studied changes in the asymmetric nature of lines in the spot 
region and also at different spot locations on the solar disk. It seems that Bumba 
(1960), Servajean (1961) and other workers in reporting the phenomenon of asymmetry 
in sunspot aalines ‘seem to have overlooked its first discovery by Evershed in 1915. It is 
remarkable for Evershed (1916) to have observed the diffuse wing in lines near the penunv 
,bral region, even though he had at his disposal a small solar image (44 mm diameter) 
and relatively low ' spcctrographic dispersion. 

Observations and the photometric analysis of the line asymmetry; Some of 
the best spectra were selected from a collection of spot spectra for a detailed photometric 
stud)/ of the variation of the line asymmetry, (1) over the spot region, (2) with the 
location of spot on the disc, (3) at two places on the line profile and (4) with the strength 
of the line. A term “flag factor (F.F.)” is defined as a measure of the asymmetry 
in a line, and is given by ’ 

F.F.»(X,— X„) 

where x 0 is the wavelength of the central intensity point and x/is the wavelength 
of the centre of the line joining equal intensity points on the line profile. The flag 
factor’ F.F., is measured at half intensity and at one-tenth intensity points on the line 
profile. 
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The spectra obtained under good seeing conditions on February 9 at L-Lo -39\0 
•p on February 12 at L-~Lo=0°: and on February 15 at L— Lo-39°..0.W, in the 
threespectral regions 4912, 5576 and 5691 were used for this study. For the spatial varia- 
tion of F F over the spot region, three slit positions, crossing the umbra centrally 
and on either sides of the umbra crossing only the penumbra were used. These three 
slit positions for the three disc posi ions of the spot, yield a picture that is very represent- 
ative of the spatial aspect of the line asymmetry in spots. All the spectrograms used 
were calibrated with the aid of a Hiigcr step wedge filler. Micropholometer scans 
of the three Zeeman insensitive lines (4912 ;027, 5571*101 and 5691.508) were obtained 
at several places in the spot region and at a point far removed from the spot in the pho- 
tosphere. The chart speed was adjusted to give a magnification of 25 times, thus yielding 

a dispersion of about 200 mm per A on the traces. The positions of the scanned regions 
on the spot spectrum were determined using the wire shadows, registered while obtaining 
the spot spectra. The microphotometcr scanning slit used was about 0",8 of arc in 
height and 0".3 of arc in width on the solar disk. 


On six spectrograms and for one slit position, line profiles were obtained for 
4912-027 and 5691.508 lines. These arc given in Figure 7, as representative of some 
typical asymmetric line profiles. The ‘flag /actors’ were determined at _ one-half and 
one-tenth intensity points on the line profile. Figure 8 gives the variation of flag 
factor in milliangstrom, over the spot region, in all the three lines (except for spectra 
obtained on February 9), and in three slit positions, fn these figures the positions of 
spot and the slit are given to indicate the approximate location of the slit orientation 
and also the sight-line velocities measured along the length of the slit The positive 
values of F.F., indicate flagging towards the long wavelength side, while the negative 
values indicate flagging towards the short wavelength side. 1 he line profiles given 
are not corrected for the errors introduced by the instrumental profile of the 18-metre 
Littrow spectrograph. Using an Iodine absorption tube, it was found that the instru- 
mental profile of this spectrograph is very narrow (less than 12 mA) and fairly symme- 
trial. 
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Discussion of the line asymmetry ; From the ‘flag factor 9 plots and the variation 
of the line profiles, it is noticed that the line profiles in the photosphere are symmetrical. 
In the region of the penumbra, the asymmetry increases to attain its maximum value 
around the middle of penumbral region. The magnitude of the ‘flag factor’ fluctuates 
considerably in the penumbral region. In some spot regions maximum asymmetry 

of about 60 mA at one-tenth central dip is noted. The maximum ‘flag-factor’ is a func- 
tion of the disc position of the spot. In spot positions near the disc centre, the value of 
maximum ‘flag-factor’ is smaller compared to the spots near the limb. A variation 
of the ‘flag factor’ is noted with line strength. The 5576 line shows systematically 
a smaller ‘flag factor’ compared to the weaker lines, x 4912 and x 5691. A visual exa- 
mination of some spot spectra taken by Dr. M.K.V. Bappu, at the Kitt Peak National 
Observatory, Arizona, using a large solar image (33 inches in diamter) and a spectro- 

graphic dispersion of 12 mm/A, indicates a decrease in flagging with increasing line 
strength. The 4903 and 4919 lines of 'Rowland intensity 5 and 6, show marked decrease 
in asymmetry, compared to the weaker lines. The direction of flagging in the strong 
and weak lines is the same and in no case the flagging extends beyond the penumbral 
limit. 


The spot spectra obtained at Kodaikanal and those obtained at KiU Peak, 
under good to very good seeing conditions, do not show any indication of satellite line, 
as reported by Bumba (1961, 1963). The diffuse wing always appears to be joined 
with the parent line. Perhaps the appearance of the faint satellite line depends oil some 
other rigorous factors of observation. 

Some of the spectra obtained under extremely fine seeing conditions show bright- 
ness variation in the penumbral region. The ‘flagging 5 in lines occur more conspicuously 
in the darker regions of the penumbra. In the brighter regions the lines appear, more 
or less symmetrical. It seems that the agency responsible for the asymmetry or flagging 
in lines is more efficient in the darker (cooler) penumbral regions, compared to the bri- 
ghter (hotter) penumbral regions. 

From the asymmetric appearance of the line profiles and their variation in the 
spot region it seems that this phenomenon is associated with velocity fields, either on 
the surface or deep in the sunspot atmosphere. Two plausible explanations have been 
put forward, one by Servajean and the other by Bumba, Servajean (1961) has suggested 
that asymmetry occurs due to the difference in velocities of different strata in the line 
forming layers while Bumba (1963) suggests, an upstreaming of material at the umbra!- 
penumbral boundary, which bends to become horizontal in the penumbral region and 
turns downwards again near the outer penumbral border, It appears that the line 
asymmetries inthe penumbra may be due to the velocity fields of some kind. It was 
noted earlier that the flagging is always directed towards the general Evershed flow. 
Therefore it sceems that the motion responsible for the asymmetry in lines is an additional 
motion superimposed on the Evershed flow. This additional motion in various layers, 
responsible for the asymmetry in lines, perhaps ceases abruptly at the outer boundary of 
the penumbra, while the Evershed flow continues well out into the photospheric region. 

Diffuse wing in lines in the Photospheric regions; A similar phenomenon of 
diffuse asymmetric wings in lines as that observed in the penumbral region, is noticed 
in the photospheric region also. On our best spectra that show, “wiggles’ due to the 
solar granulation, one can see slight diffusion or ‘flaring’ in one of the wings of Fraun- 
hofer lines. A diffuse wing develops invariably in the same direction, as the Doppler 
displacement due to the granular motion and in the darker (cooler) regions of the 
spectrum. In the brighter (hotter) photospheric regions, the lines appear symmetrical 
and also slightly narrow. A detailed quantitative analysis of this phenomenon is 
required. Servajean (1961) has also reported the presence of a similar phenomenon in 
granulation spectra. 
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K0DA1KANAL OBSERVATORY 
BULLETIN Number 181 


Photoelectric light curve of YY Erklani 


L C. Bhallacharyya 


Abstract 


Plioloclerlric light curves in H and V of the W Ursa Majin’is 
del ormi lied. Gradual long! honing ol‘ the period lias been observed. 


star YY Eridani have been 


The light curve of the star YY Erklani, HD 26609, an eclipsing binary was 
obtained by a photoelectric photometer employing an RCA 1P2I photomultiplier 
tube, on twelve nights during December 1965 — March, 1966 at KodaikanaL The 
telescope used was a 20cm refractor. The signal from the photomultiplier was ampli- 
fied by a linear D.C. amplifier and recorded- on a potcnliomctric type stripchart 
recorder. The observations were taken in two colours, blue and yellow using 
standard glass (liters of the IJBV system with pass bands centred around 4500A and 
5500A. For comparison, two other nearby stars were observed The* details of the 
three stars are given below; 


Star 

Hi) No. 

(iwr»(i) 

(l«)50) 


Sportral type' 

YY Kritlani 

2 (it if) 9 

•)ii f)'» Kit.. 125 

- Kr :w IS" 

,5« 

05, 05 

Comparison 

2<i(i.50 

I'* !()"' SKIMH) 

- 10 11' 35" 

.20 

Af» 

( lltrck 

:i<>$)()2 

l 1 ' 12m 25 s . •! 10 

--- 10 1 i-r :«r 

. 5<i 

KC) 


Altogether 468 comparisons in blue and 422 in yellow light were obtained 
during this period. Six primary and three secondary minima were observed. It is 
found that to fit our observation with. earlier ones by Qiltic (1951) Haruliala (1953), 
Kwee (1958) and Purgathofer (1961), a further change in the period must be assumed. 
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The new period is found to be near the value obtained by Purgathofer. The eleme 
are well represented by the equation 

Min. -JD 243361 7 d * 5197 -i O'- 5714963017 

the epoch being counted from Gillie's well determined minima of JD 2433617.51 
The observed minima timings were found to be in excellent agreement to those cnleu 
ted by the above equation. 

The table below gives the residuals (O-C) for the six primary minima records 


Table T 

Primary Minima of YY Eridani 


Heliocentric J.ll. 





Computed 'i'ime.'i 

Residual ( M 

2-130120.2503 . 





24391 20. 2501 

- -.0001 

12 t. ions . 




. 

124.10(13 

(• .00-02 

105.2S96 . 





105.259') 

- -.0003 

Ui (5.2241 . 





100.2213 

• --.0002 

IG7.18II<> . 



. 

. 

io7. imm 

- . 0002 

1A7. 12ir> . 




. 

1117.1210 

I .0001) 


The times of the three secondary minima were also determined and tire lain 
ted in Table 11. It is seen that the mean time interval between the secondary mini 
and the preceding primary minima is O'- 1611 which is O 1 - 0003 later than Ihcmidpt 
of the cycle. This value is within the limits of error of the measurement and hence 
secondary minima may be considered equidistant from the two nearby primary minii 


Table N 


Secondary Minima of YY Eridani 


Heliocentric J.D. 



Computed time of previous 
primary min. 

Residual (Ml 

2439162.2050 . 

. 

. 

2439102.0-1-19 

.100!) 

105. 0999 . 

. 

. 

104.9301 

. 1015 

181,1742 . 

■ 

• 

101.0132 

.1010 


The previous observers have noted .a gradual lengthening of the period of 
particular system. Our results also corroborate their findings. The results of 
period change are represented in Fig. 1 where periods determined by several null 
over the 33 year interval- are plotted against the measured epochs. All the photoc 
trie observations can be fitted by a smooth curve. Considering the uncertainly 
determining the actual limes of minima by the photographic technique, the eai 
, photographic observations by Bodokia (1938) and Jcnsch (1934) can also be eonsidf 
to be contained in the extended curve, 




Table ])I 


A.o 


J.I>. 

Jm 

J-l>. 

dm 


Blue 



2430120.1642 

— .017* 

2139120.3253 

—.189 

. IG5l» 

.125 

.3200 

.215 

. 11)77 

.125 

.3309 

.116 

.17(2 

.0117 

.3323 

.109 

. 1 788 

.109 

.3337 

.121 

, 1800 

.1(55 

.3350 

. 104 

.1933 

.120 

. 337(1 

.163 

,1953 

.093 

.330.5 

.108 

,202-1 

-[-.007 

.3-131 

.196 

.2031 

.015 

.3-101 

.123 

.212(1 

.125 

.3189 

. 1 75 

.2131) 

.031 

.3515 

.002 

.221!) 

.091 

.3500 

.097 

.2220 

,058 

.3580 

.082 

.2210 

.0111 

.3593 

.012 

. 22(50 

.195 

.30-19 

.032 

.2337 

.3-17 

.3070 

.015 

.2337 

.5511 

.3097 

.099 

.2371 

.-188 

.3701 

.032 

.213-1 

.117 

.37-10 

.025 

.2102 

.02-1 

.3753 

.080 

.2-1(12 

.000 

.377-1- 

.11! 

.2313 

.-177 

.3795 

--.008 

.2.372 

.509 



.2379 

.-151 

2-139102,0925 

-1 .324 

.2007 

.530 

.0953 

.HO 

.2011 

.517 

.099-1- 

.097 

.2035 

.559 

. 1008 

.107 

.2703 

. 380 

.1022 

.101 

.2723 

.379 

. 1092 

.008 

.2733 

.309 

.1112 

.035 

.2703 

.19! 

.1120 

.116 

.2002 

.157 

.1108 

.063 

. 2023 

.229 

.1182 

.07(1 

.2030 

.109 

. 1 190 

.053 

.2092 

.008 

.1230 

.100 

.2927 

.033 ' 

.1251 

.080 

.‘2911 

,013 

. 1205 

.079 

.2970 

— .032 

.1314 

.222 

.2990 

I - .020 

.1328 

.270 . 

.3010 

—.007 

.1-125 

. . 120 

.3052 

.020 

. 1452 

.077 

.30110 

,097 

. 1-100 

.089 

.3128 

.010 

.1180 

.126 

.31-19 

.02-1 ' 



.3103 

.001 

.1598 

.20! 

.3205 

. 185 

.1012 

.267 



.1702 

- .193 

.3220 

. 190 

.1730 

.236 

___ ____ .3232 

.2-11 

.1751 

.273 

♦OWatiw* on JD 2-139120 were through a 

narrow b.md interference filter (+1%) 

centred round 4200A. 
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Tabu- III {ConhL) 


A no 


J . D . 

Am . 

J.D. 

Am . 

2439102. 11)27 

.311 

2439105. 1 | l (7 

9 

.1031 

,3 <iH 

. 1 193 

4°7 

. 1997 

.433 

.1200 

3(11 

.1910 

.533 

.1203 

295 

.1924 
. 1991 

.539 

.712 

• .1284 

. 1299 

.29!) 

.249 

.2001 

.700 

. 1 307 

‘ . 190 

. 20 1 r > 

.003 

.13(1! 

.179 

.2022 

.010 

. 1395 

.1-19 

.202(1 

.077 

. 1495 

.139 

.2033 

.050 

.1499 

.120 

.2012 

.055 

.1517 

.090 

.2030 

.020 

. 150! 

.095 

.2077 

.032 

. 1003 

.022 

.2084 

.0(1 

. 1052 

.030 

.2100 

.729 

.1707 

.193 

.2107 

.501 

.1729 

.122 

.2174 

.101 

.1712 

.095 

.2230 

.459 

.1911 

.033 

.2237 

.531 

.1932 

.039 

.2279 

.501 

. 1907 

.013 

.2392 

.291 

.1991 

.019 

.2399 

.350 

.1929 

.030 

.2490 

.097 

.1904 

.025 

.2507 

, 279 

.1999 

.074 

.2521 

.152 

.2020 

.101 

.2019 

.007 

.201-7 

.112 

.2032 

‘ .050 

.2103 

.141 

.2709 • 

.025 

.2130 

.138 

2439 1 C 5. 0794 

.490 

.2332 

.403 

.0799 

.475 

.2339 

. 300 

.0912 

.539 

.2101 

.473 

.0919 

.531 

.2415 

.491 

.0840 

.501 

.2430 

.497 

.0953 

.592 

.2450 

.554 

.0907 

.571 

.2470 

. 005 

.0991 

.037 

.2494 

.017 

.0902 

.000 

.2505 

.05(5 

.0910 

.013 

.2519 

.707 

.0944 

.711 

.2533 

.735 

.0951 

.753 

.2554 

.720 

.09.49 

.733 

,2575 

.700 

..0971 

.735 

.2595 

.047 

.0985 

.911 

,2009 

.070 

. 1000 

.745 

.2037 

.091 

.1020 

.7 12 

.2051 

.029 

.1041 

.099 

,2005 

.040 

.1055. 

.737 

,2700 

.540 

.1009 

.052 

.2734- 

.502 

.1092 

.050 

.2755 

.325 

.1090 

.022 

, 2439100. 193(5 

.351 

.1159 

.515 

. 1904 

.295 

.1173 

. 109 

. 1999 

.123 


daok/go 
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Table TII (Con id.) 


J;D 

A m 

2439166.2033 

.479 

.20(0 

.472 

.2009 

.506 

.2110 

.545 

.2130 

.610 

.2151 

.612 

.2165 

.690 

.2172 

.748 

.2193 

.812 

.2207 

.853 

,2248 

.783 

.2262 

.822 

.2276 

.788 

.2290 

.784 

.2318 

.732 

.2332 

.735 

.2373 

.619 

2439167,1511 

.174 

.1518 

.240 

.1553 

.242 

.1567 

.272 

. 1587 

.274 

.1608 

,300 

1657 

.458 

.1664 

.494 

.1685 

.525 

.1698 

.549 

.1719 

.602 

.1747 

.661 

.1761 

.709 

.1775’ 

.759 

.1789 

.705 

.1802 

.782 

.1816 

.800 

.1837 

.799 

, .1851 

.833 

.1865 

.806 

.1893 

.843 

,1920 

.788 

.1927 

.816 

.1941 

.769 

.1955 

.762 

.1976 

.738 

.2018 

.642 

.2032 

.588 

.2053 

.537 

.2073 

.505 

.2108 

.409 

.2122 

.357 

.2156 

.339 

.2198 

.273 

.2267 

.149 

.2281 

.135 

.2323 

.088 


J‘ D Am 


2439174,1013 

.707 

.1055 

.673 

.1381 

.162 

.14,% 

. M 4 

.1457 

- I -.122 

.1561 

— .003 

. 1575 

4-.no 

.1589 

. 103 

.1645 

.023 

. 1658 

.02*1 

.1700 

.0.57 

.1714 

,050 

.1756 

.053 

. 1 76!) 

.062 

.188!) 

.031 

.1901 

.126 

.1929 

.056 

.1961 

.070 

.2033 

. 005 

.2054 

.080 

.2123 

,098 

.2141 

.110 

.2165 

.141 

.2227 

,107 

.2248 

,162 

.2304 

' ,176 

.2325 

.198 

.2345 

.246 

.2359 

.252 

.2380 

.350 

.2401 

.415 

.2143 

.414 

2439175.0859 

,4 -Ui 

.0094 

,350 

,0977 

,163 

.0998 

.209 

.1026 

196 

.1421 

-.008 

.1435 

.002 

. 1491 

-[•.078 

.1539 

.050 

.1615 

,096 

.1629 

,093 

.1713 

-.147 

.1740 

.104 

.1851 

.039 

.1872 

- I - ,018 

.1900 

.027 

.1921 

.039 

.1942 

.213 

.1962 

,204 

.1983 

,200 

.2004 

,375 

.2032 

.439 


Table ill ( Contci '.) 


J.D 

A *« 

J.D 

A '» 

2*135)175.2033 

.471 

2439181.0846 

.023 

.2112 

,025 

.0909 

.023 

.21*13 

.71(1 

' .0930 

.027 

243917(1.0775 

.220 

•0999 

•015 

• . oh : j 7 

.083 

■1013 

•030 

. oh :) i 

.001 

•1075 

•036 

.08 79 

.0.39 

•1103 

■017 

.0900 

.091 

■1131 

•033 

.0902 

.038 

■1145 

•059 

.1011 

.092 

■ 1 159 

•058 

.1039 

.069 

•1173 

■ 085 

,1122 

. 149 

■1193 

•050 

.lino 

.098 

■1207 

- 052 

. 122(1 

.117 

•1235 

•075 

. I 2( i » 

.066 

•125(1 

• 079 

. 1337 

.000 

•1277 

•084 



•1291 

■098 

24391 HO . 1007 

, 124 

• 1304 

•102 

. 1012 

.133 

> 1310 

■110 

. 107(1 

. 193 

• 1339 

•103 

.1104 

.116 

■ 1353 

• 152 

.1201 

.079 

•1367 

• 157 

.121.') 

-[-.060 

• 1402 

' -202 

, 12(1.3 

—.012 

•1415 

•213 

.1303 

-1 .118 

• 1429 

•252 

.1333 

.0-10 

•11.3(1 

•261 

.1331 

.000 

•14(14 

•205 

.1308 

,007 

•1170 

286 

. 1 403 

.(Ml 

•1499 

•347 

.1410 

.004 

•1513 

• 353 

. 1405 

.013 

•1.326 

•378 

. MOO 

.001 

• 1.375 

•4.53 

.1300 

.041 

•1589 

•517 

.1514 

.031 

•1603 

•508 

.1334 

.039 

■1624 

•5(1! 

.13(12 

. 123 

• 1638 

•564 

. KtOl- 

. 206 

•1651 

•577 

.1010 

,193 

• 1665 

•599 

.1025 

.159 

• I G 116 

• 625 

• . 1043 

.110 

•1749 

•676 

, 1039 
.10(10 

.100 

,139 

•1769 

•616 

, 1701 

.132 

•1703 

•611 

.1737 

. 151 

•1818 

■611 

.1777 

.191 

•1032 

■ 584 

.1020 

.242 

• 1000 

•469 

, 1000 

,333 

■1901 

•453 

.1910 

,466 

■ 1922 
• 1936 

• 104 
•379 

. 1986 

.599 

• 1985 

•327 

. 1999 

.575 

• 2005 

•292 

.2062 

.693 

•2017 

■237 



■2061 

• (89 

2439181.0770 

.001 

•2002 

•174 

.0032 

.011 

•2137 

•134 
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TABLli III {Could.) 


J.U. 

Am 

J.J>. 

A»«. 

2 139107 -0841 

•227 

2-139187- 1 308 

• 577 

■08113 

•2-li) 

•1302 

■ 5711 

•0917 

• 201 

■ 1 152 

••150 

•05)52 

•113 

• 1519 

• 319 

■0991 

• 500 

• 1550 ■ 

•310 

• 1000 

. • 520 

■ 1010 

. <>•> 

■ 1077 

•629 

•1032 

• 2-10 

• inte 

•G70 

• 1095 

• 150 

•1119 

• 69 1- 



•1153 

• 753 

. -1709 

•Ml 

• 1 160 

■ 738 

•1770 

• 125 

•1171 

■762 

• 1 792 

•090 

■11(10 

•790 

•10(10 

•031 

■1202 

•7-10 

•1002 

-1- '019 

•1223 

•773 

'•1930 

-•OKI 

•1237 

• 75L 

•1951 

• 1 - • 0 1 1 

•1250 

•709 

•1906 

•033 

•1271 

• 743 

•201)0 

•026 

• 1299 

•727 

• 201-1 

•057 


Tellow 


2 - 13912-1 ■ 1 001 

•380 

■ 1022 

••100 

• 1050 

••130 

■ 112(1 

• 12 .) 

• 1 151 

••102 

•1101 

-351 

• 1258 

• 25 ! 

•1292 

• 157 

•1320 

•117 

•1303 

- 1-011 

• 1-MO 

— 026 

• M38 

■012 

■ 1605 

•195 

• 1626 

•203 

•1616 

-225 

■1714 

•108 

• 1761 - 

• 111 ) 

- 1869 

•250 

•1903 

•247 

■ 193 ! 

•255 

• 19*15 

•253 

•2021 

•210 

■20 12 

•240 

■2091 

• 252 

•2111 

•234 

■2160 

•212 

■2202 

•202 


2139 124 -2302 

•101 

•2403 

•096 

•2424 

•009 

2439 102 * 09 ID 

— Ill 

•0933 

■073 

• 1)961 

•126 

• 1002 

•132 

• 1009 

•171 

•1099 

•182 

•1120 

' -186 

• 113-1 

-177 

•1176 

•264 

•1190 

*268 

■1201 

•283 

•1238 

•226 

• 1259 

■227 

■1266 

•271 

•1315 

•211 

•1342 

*191 

•1410 

• 265 

• 1446 

* 266 

■ 1453 

*282 

• 1474 

*141 

■1606 

■ 088 

•1627 

5 1 34 

•1710 

-073 

■1731 

*043 




Tabli; L1L (Conul.) 


AW) 


.1.1) 

A'” 

2-1 3!) 192- 17.')!) 

— 013 

• iU2 1 

i -021 

• 111211 

•039 

•11)12 

■971 

• 190 1 

• 102 

■ 19111 

• 197 

• 1932 

• 191 

•191)11 

•233 

• 1993 

•239 

•2992 

•27U 

•2999 

•293 

•2922 

•290 

•2929 

•272 

•2939 

•270 

•2930 

>310 

■2937 

•332 

•29711 

• 303 

' 29113 
' -217'. 

■319 

• WO 

•21112 

• 137 

• 222 l 

i -0311 

•2243 

• -01!) 

•2279 

•1- •039 

•2371) 

--■HI 

•2:)»t:i 

• 1 111 

•21(17 

■ 220 

•2301 

•237 

•23911 

•220 

•2313 

• 300 

•2(112 

•331 

•2(i2(i 

• 30 1 

•2793 

•120 

2'1391(j3'9777 

I 01!) 

•9791 

• 117 

•91193 

• m 

•91119 

• 131 

•1)1)29 

• 1 71 

•01)19 

• 191 

•0099 

•223 

•0071 

•232 

•91)93 

•291) 

•9999 

•303 

•0923 

•3-13 

•09M 

•37(. 

•09(M 

•390 

•0971) 

• 390 

•0903 

• 303 

• lot:) 

•370 

•1927 

•370 

• mm 

•333 

•1992 

•332 

•1073 

• 309 

•1009 

• 209 


J.D 


■ 


2 139193 ■ 109(5 

, «j 7 » 

• 1 1 .32 

*]* *4/ J 

• I 71 

• 1 100 

i )ii 

• ni 

■ H09 

•n;i;i 

• 1207 

. 3 ) 1.4 

• 1239 

— 1)02 

■ 1277 

-: •())••) 

• 1291 

•tii.2 

■ 13(50 

•131 

- 137 1 

• 11 7 

• 1300 

• 197 

•H7! 

•212 

- 1-103 

•104 

• 1340 

•220 

• 153.1 1- 

•2.51 

■ 1930 

•301 ’ 

• IG93 

•,1(11) 

• 171-1 

•27(. 

■ 1720 

•232 

■ 1801 

•270 

• 1810 

•272 

• J 07-1 

•2t>2 

• LOLU 

•229 

• 193G 

•211 

• 1071 

•2.).) 

• 2003 

•213 

•20-10 

•200 

• 2 ioy 

•Itil 

•2137 

• 133 

•2323 

•019 

• 2332 

•039 

• 23!) 1 

• u.y 

•2-100 

•177 

•2-122 

•ill:; 

• 2 J 1-3 

* 23*) 

•2-193 

•279 

•2-177 

•321! 

• 24!) 1 

•331 

•2312 

•391 

• 232G 

• 119 

• 2340 

•-122 

•23GI 

•110 

• 2300 

•116 

• 2902 

• 103 

•2919 

•390 

•2911 

-101 

• 2930 

•393 

• 2079 

•3315 

•2713 

•311) 

•2731 

•211- 

•27G2 

• 172 

2139196’ 19^9 

--•033 

•1937 

•032 
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Table II f (Conte/.) 


J . D . 

A m 

J . o . 

A 1 ” 

2 - 1 39 166- 1990 

-1 • 01-7 

2439 ) 67-2129 

-—006 

•2026 

•119 

•2156 

•041 

•2033 

•123 

•2212 

• 119 

•2075 

■121 

•2220 

• 175 

• 209(3 

• 105 

•2274 

• 171 

■21 10 

•197 

• 2288 

• 190 

•2130 

•263 



•2151 

•330 

2439171-1013 

I • 250 



•1018 

■214 

• 2 1 63 

• 345 





• 1381 

• 119 

•2179 

•402 



•2193 

•403 

•1413 

--•116 

-2207 

•502 

• 1164 

• 141 

• 2235 

•4311 

• 1568 

•319 



• 1582 

• 259 

-2209 

•452 



•2203 

•303 

•1596 

•228 

•2297 

•370 

• 1651 

■205 

•2325 

• 300 

• l (>58 

•2611 

•2339 

•305 

•1707 

•273 

•2300 

•253 

•1721 

• 203 

*2103 

•206 

•1763 

•211 



•17113 

•228 

2439167 - I 3 !fl 

—001 

• 1832 

•212 

• 1 525 

•062 

• 1853 

•240 

• 1501 ) 

•032 

• 1908 

•230 

• 1573 

- i - 'Ooo 

• 1930 

•241 

■ 1594 - 

•059 

•1971 

• 240 , 

•1000 

•003 

•2020 

•237 

• 1050 

• 131 - 

• 203 1 

•210 

•1037 

•143 

•2068 

•220 

•1071 

•150 

•2130 

•219 

•1691 

•207 

•2159 

•197 

• 1703 

•241 

•2172 

•191 

•1712 

•268 

•2231 

• 1 60 

•1726 

•275 

•2255 

•111 

•1754 

•319 

•2311 

•051 

•1700 

•371 

•2332 

— 033 

• 1702 

•395 

•2352 

- 1--022 

•1796 

•426 

•2373 

•056 

• 1009 

•406 

•2387 

•097 

•1030 

•417 

•2408 

i • 145 

• 1044 

-112 

•2450 

• 190 

•1850 

•435 

2439175-0852 

• 153 

• 1900 

_ -142 

•0887 

•096 

• 1920 

’ -107 

•0901 

— 116 

• 1934 

•301 

•1019 

•142 

• 1940 

•307 

• 1414 

•307 

•1962 

•317 

• 11-35 

•290 

• 1970 

•314 

• 1484 

•192 

•2025 

• 222 

•1532 

•217 

•2038 

• 106 

•1615 

•248 

• 2045 

•147 

• 1629 

•221 

•2059 • 

•139 

•1727 

• -220 

•2073 

•120 

•1747 

• 168 

•2100 

•026 ' 

• 1865 

•117 


Table III (Conte?.) 


:M:wi7:Vi8fi(i 

• 1907 
•1920 

• jy-io 

• 1909 

• 1997 
•2010 
■20 Hi 

• 2 1 i ft 
•2130 

243917(>'0754 

• 0782 
•OIH'l 

• oono 
•0000 
•0907 

• oy. r »r» 

•0909 

• Kilt! 

• lOW 

• 1 120 

• 1 lf)7 

• 12'I0 

• I27.'> 
•Hill 

2-139180' 101-1 
•1019 

• 1083 
•lilt 

• 1187 

• 1208 
•1222 
•1292 
•1312 
: 1310 
•1301 

• 1375 

• 1110 

• M23 
•1472 
•1480 

• 1507 
•1521 

• 1 5<1 1 

• 1509 

• 1011 
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Table IV 


Phase mb m v mh — m v 


.0011 


-I 0m . 790 

1 Om ,'!().) 

-I 0.325 

n»L 

.2 50 

- 

-1-0.00!) 

—0.270 

-I 0.275 

.500 


|-0.<i62 


! 0.2117 

m 2 

. 750 


4 0,00’) 

- -0.262 

-1 0.267 


To get an idea of the magnitude of uncertainly in the determination of our 
period we may note that the periods have been calculated over 20,000 cycles. An 
error of one minute in the minima determination which is expected in a photoelectric 
method will give an uncertainty of a-O' 1 - 00000008. The earlier photoelectric observers 
also have indicated comparable figures. The photographic observations by Jcnsch and 
Bodolcia were somewhat handicapped by lack of well determined minima timings over 
a long interval and the uncertainties may be estimated to about -i O'- 0000012 on 
similar basis. 

In Table [II, the observed differences in magnitudes in two colours between the 
variable and the comparison stars have been tabulated against the heliocentric Julian 
moments. 

Normal points of the light curve were calculated from 173 comparisons in blue 
light and 253 comparisons in yellow light from data recorded in Table IV. Figure 2 
shows the normal light curve in blue and yellow light respectively. 



Fig. 2 — Light Guv vc of YY Eridam 






From the normal curve the maxima and minima values have , . , 

and tabulated in Table V. It is seen that the amplitude of the pnm-nv et£ : ri } linet * 
exceeds that of the secondary minimum by-|-O m - 13 in blue and +0- 20 in' V elf irUnin YT 
the brightness of the system is the same outside eclipses at either elongation U0W w 11 c 
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Two Colour Photoelectric observations of the eclipsing variable UW Cams Majoris 

A.T. Doss 


Abstract 

Photoelectric light curves of the eclipsing binary UW Ganis Majoris have been obtained in the blue 
and yellow, A new ephomeris is given for the system. The depth of the primary minimum is about 
O' 11 . 45 in B ancl O'". 47 in V and that of the secondary is about 0' n .43 in B and 0 m .42 in V. 


Introduction 

The variability of UW Canis Majoris was discovered by Frost (1906). Later 
spectroscopic orbits of this system have been published by several authors. Gaposch- 
!: kin (1936) first observed the light variation from Harvard patrol plates and published 
■i its photographic light curve. Struve (1958) has given a schematic model of UW CMa 
with gas streaming from the the primary that encircles the secondary and envelopes the 
; ; whole system. The only photoelectric observations that were carried out so far on 
this system are tiiosc by Flvcy and Rudnick and their results were utilized by Kuiper 
: (1938) and by Sahade (1959) who has given an alternate model of UW CMa. ^ Seyfert 
(1941) has obtained a photographic light curve of this star and made three solutions for 
the ellipticity ancl eclipses of the components. 

j The star UW CMa is one of the massive systems known with 07f and 09111 

| stars as components. The present project has been undertaken mainly to obtain accn- 
r rate photoelectric light curves of UW CMa in B and V of the U, B } Y system and to 
improve the available ephemeris. The results of an analysis of the light curve will be 
jfe; published later. 

! The Observations 

; The star was observed photoclectrically at Koclaikanal between January 1964 

|;V r and March 1966 with a photometer attached to the 20cm Cooke refractor. The photo- 
multiplier tube used was an unrefrigerated RCA 1P21. The out-put from the photo- 
IV: multiplier was amplified by a linear D.C. amplifier and recorded on a Brown recording. 
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potentiometer. The observations were taken in two colours. Tho blue deflection*! 
were obtained through a Coming 5030 and 2mm Schott GG13 filter combination and 
the yellow deflections through a Corning 3384 filter. These are tire standard filters oi 
the UBV system. 

30 CMa was observed as comparison star. The following are the details of 
the variable and the comparison star as given in the Yale Bright Star Catalogue. 

Star HD RA Dec. Vis. Spectral 

(1900) (1900) Mag. Class 

29 UW CMa . " ~ 57060 T 7 -24°23' 4 . 5~ f ()7f 

30t CMa . . . 57061 7 14 34 -24 46 4.39- 09111 

* Visual magnitude in the standard UBV system. 

•(•Original HR visual magnitude. 

The variable was observed for 37 days during the period between January 
1964 and March 1966 and 221 points in yellow and 208 points in blue were obtained. 
The values have been reduced to magnitudes outside the atmosphere by applying suita- 
ble extinction corrections. These have been converted into standard B, V magnitudes 
using linear transformations. 

New cphemcris 

It is seen that the primary minimum occurs about 2.5 hours earlier than the 
computed epoch with the Gaposchkin (1936) ephcmcris (JD 2426326,76-1 4.3934E) 
From the present set of observations an exact epoch of primary minimum was deter- 
mined to be JD 2439164. 176, Harper’s (1917) epoch of JD 242482.207 combined 
with a period of 4.3934 seems to be nearly correct as can be inferred from ScyferU 
(1941) light curve of UW CMa, who has computed phases with the above value. 
Hence, between Harper’s (1917) epoch and the present epoch 3228 cycles have elapsed 
from which an accurate period was computed. 

The new ephcmcris is JD (He!) 2439164. 176-1 4.3934230. 

It is with this new ephemeris that all the phases (heliocentric) were compu- 
ted. These are given in Tabic 1 for B magnitudes and Table II for V magnitudes. The 
individual points are plotted in Figures 1 and 2 for getting the light curves of UW 
CMa in blue and yellow respectively. 





0-7 o-B 0-9 0-0 CM 0-2 0-3 0-4 0-5 06 0-7 08 

PHASE 

Figure /—Light curvc'or UW CMa in blue. 



0-7 0-8 0-9 0-0 0-1 0'2 0'3 0*4- 0>5 0-6 (X 7 0-8, 

PHASE 

Figure 2 — -Light curve of UW CMa in yellow. 
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Table I 

if/«e observations ofUW Can is Major is 
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0-0505 5*073 
0*0511 5*0-16 
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0*2734 4-714- 
0*4783 5*152 
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0*4819 5-124 
0*4871 5-091 
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170-M45 
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170- 11)75 
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170-21196 
170-3188 
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171*1414 
171*1708 
173*1027 
178*1256 
173- 1513 
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173*2124 
173-3208 
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209- 2264- 
210*1718 
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PI mse 15 
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0-0137 
0-0150 
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0 - 0 18 -) 
0-0201 
0-0212 
0*0253 
0-0318 
0-0378 
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4-941 
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5-070 
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5-026 
4-993 
4-965 
4-937 
4-700 

4- 766 

5- 083 
5-112 
5-110 
5-142 
4-865 
4-863 
4-887 
4-957 

4- 971 

5- 093 
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Yellow observations of UW Cants Major Ls 


J.D. Ifcliocenti'ic 


2438000 -i- 

411-2129 

413- 2261 

414- 2060 
414- 2240 

414- 3011 

415- 200-1 
415-2296 
415-2615 
415-2803 

415 - 3067 

416- 3622 
416-2011 
416-3403 
425-202-1 

425- 3260 

426- 1767 
426-2212 
426-2545 
426-2732 

426- 3406 

427- 2031 
427-2201 
427-2552 
427-3031 

427- 3170 

428- 1239 
428-1476 
428-1649 
428-2135 

, 428-2760 
. 428-2857 
428-3316 
428-3455 

428- 3854 

429- 1392 
429-1823 
429-1934 
429 • 2503 
429-2830 
429-2940 
429-3066 
431-1190 
431-1329 
431-1412 
43 l • 1620 
431-1836 

- 431-2412 

431-2523 
431-2641 
431-2759 
431 -2920 
431-3197 

431- 3273 
432.2502 

432- 2725 
432-3204 
432-3343 
432*3475 
434-0842 
434-1411 
434.1505 
434-2250 
434*2750 
434-3410 


IMiav: 

V 

(Hi 159 

5-042 

0-0711 

5-079 

d-2971 

4-886 

0-3012 

-1-931 

0-3187 

4-885 

() • 5234 

5-182 

0-5373 

5-16(3 

0-5373 

5-133 

0-517(5 

5-139 

0- 54 1(5 

5-151 

0-7424 

4-853 

0-7512 

4-851 

0-7817 

4-8-18 

0-8000 

4-856 

0-8202 

1-900 

0-0218 

5-281 

0-0319 

5-1(31 

0 • 0395 

5* 16(3 

0-0415 

5-132 

0-0591 

5-157 

0-2554 

4-872 

0-2611 

4-861 

0-2673 

4-861 

0-2782 

4-825 

0-2814 

5*831 

0-4650 

5-213 

0- 4-70-1 

5-187 

0-4743 

5-1(35 

0-4851 

5-201! 

0-499(3 

5-251 

0-5018 

5-249 

0-5123 

5-2-1!) 

0-5155 

5-247 

0-52-15 

5- 18(3 

0-69(31 

5-875 

0-7059 

4-R5U 

0-7084 

1*83(3 

0-7214 

•1-843 

0-7288 

4 • 83(i 

0-7315 

4-817 

0-7342 

4-850 

0-14(37 

4-945 

0- 1499 

4-899 

0-1518 

(-910 

0- 1505 

4-9(32 

0-1614 

4*93(i 

0-1745 

4-912 

0-1771 

4-891 

0-1797 

4-849 

0-1824 

4-87G 

0-18G2 

4-871 

0-1924 

4-855 

0- 1941 

4-860 

()• 40-12 

5-058 

0-4093 

5- 133 

0-4202 

5- 101! 

0-4233 

5- 102 

0-4263 

5- 10!) 

0-821G 

4-885 

0 -834(3 

4-884 

0-8385 

4-878 

0-8539 

•1*862 

0-8652 

4-909 

0-8803 

4-910 


J.l). Heliocentric 


2438000-1 

435-0781; 
135-0897 
135-0946 
435 • 1057 
-135- 1758 
435- 1981) 
435- 21 12 
-135-3001 

435- 3198 

436 - 0901 

436- 1001 
436* 1710 
43G-2612 

437- 3035 
-137-3167 
M2- 072(1 
442-081!) 
142-0923 
442-1016 
442-1791 
-M2 - 11160 
442 -2 152 
I 12-266(3 
•159 -2-150 
•139 • 2505 
459-2602 
4(31-1011 
4G1 • 1067 
4(34- 1051 
■104 • 1092 
404- 1308 
464- 134!) 
•M>'1 * 172-1 
4(34- 182 9 
4G4-2002 
1(34 -2113 
1(3 1 -2238 
•164-2342 
-165 • 10(35 
4G5- 1 105 
-1G5- 1204 
4G5- 135(5 
4G2-210G 
4(55-2141 
4(55-2217 
•105 • 2252 
1G5-2377 
470- 1011 
470-1110 
470-1117 
-170-1138 
470- 1180 
470- 1214 
470-1331 
-170- 1437 
470 -1770 
470-1798 
470* 1958 
470- 1992 
170-2027 
470-2062 
470*2103 
-170-2381 
47! -1318 


Wia.se 

V 

0-0-180 

5-21(3 

0-0505 

5- 182 

0-0516 

5-161 

0-0541 

5-116 

0-0701 

5- 105 

0-0752 

5-117 

0-0782 

3-093 

0-0984 

4-999 

0-1029 

4-978 

0-2783 

4-865 

0-2805 

-1-844 

0-2966 

4-872 

0-3172 

4-910 

0-5544 

5-141 

0-5574 

5-130 

0-6400 

4-941 

0-6420 

4-965 

0-6444 

5-007 

0-6465 

4-962 

0-6642 

4-949 

0-6657 

4-958 

0-6724 

4-909 

0-68-11 

4-824 

0-5486 

5-124 

0-5498 

5-113 

0-5520 

5-146 

0-9710 

5-282 

0-9723 

5-273 

0-6548 

4-907 

0-6557 

4-913 

0-6606 

4-871 

0-6616 

4-871 

0-6701 

4-916 

0-6725 

4-897 

0-6764 

4-876 

0-6790 

4-877 

0-6818 

4-855 

0-6842 

4-022 

0-8827 

5-020 

0-8832 

5-000 

0-8859 

4-981 

0-8894 

4-988 

0-9064 

5-118 

0-9072 

5-114 

0-9089 

5-1 11 

0-9097 

5-099 

0-9126 

5-079 

0-0202 

5-270 

0-0218 

5-286 

0-0220 

5-279 

0-0224 

5-277 

0-0234 

5-260 

0-0242 

5-195 

0-0200 

6-198 

0-0292 

5-167 

0-0368 

5-234 

0-0375 

5-222 

0-0411 

5-190 

0-0419 

5*174 

0-0427 

5-178 

0-0435 

5-179 

0-0444 

5-187 

0-0507 

5*179 

0-2542 

4-830 
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Jf.O, Hriiomitric 



1’llflSC 

V - 

Ui-liorciurii 





V 

2438000'!- 






7 139000 : 







471 • in. r >2 
471.17115 




0-2519 

0.263') 

1*115*1 
■1 • 85 1 

101-2155 

101-2377 





0-0091) 

0-0140 

5-261 

5*220 

■17 1 • iao !■ 

472' 1282 
472- 1311 
472- 1490 
172*1515 
-172-1912 
472- 19713 
472.20) I 




0-2052 

0- 11109 
0*40*4 
0-1857 
0-18(52 

0- 19(50 
0-19(57 
0-497(5 

4- 1129 

5- 204 
5-245 
.5-239 
5-231 
5-227 

5- 217 

5 -25() 

KH* 2433 
1(5-1 -2 108 

10 1- 7.572 
1(51-2602 
1(54-2 701 
10-1 -2891 
1(54.3169 
1(54-3433 





0-0153 
0-01(51 
0-0! 85 
0-0205 
0-0215 
0-0257 
0-0321 
0-0381 

5*223 
5*230 
5*7.1 1 
5- 182 
5*183 
5-175 
5*173 
5*158 

2439000 -J- 






1(51-3(513 





0-0122 

5*153 






1(44.371! 





0-0 HI 

5- 128 

129- 1042 




0-0309 

5-119 

170. 1218 





0-3533 

4-981 

129-1(570 




().(>31.5 

5-1511 

170 -1461 





0-3589 

5*027 

129*2233 




0.0448 

5- HI! 

170-1709 





0- 3(545 

5*001 

129-231(5 




0-0102 

5- 111 

170- 1889 





0-3686 

4-991 

129-290(5 




0-059(5 

5-178 

170-2632 





0-38.65 

5-080 

129-20G9 




0-0011 

5-110 

170-2910 





0-3919 

5-068 

129 -3") 10 




0-0731 

.5-050 

170-3209 





0-3937 

5-072 

129-3559 




0-0730 

5-037 

170*317 1 





0-4036 

5-071 

130- 3920 




0-3103 

.1-923 

171 -1-158 





0-5861 

4-961 

130-3940 




l)*3l 10 

■1-931 

171-1722 





0-592-1 

1*981 

130-1017 




0-3125 

4-919 

173-0877 





0-0284 

5-270 

130-1337 




•0-3198 

-1.939 

173-1014 





0-0322 

5-231 

135- 2032 

♦ i 



0-105-1 

.3-03 1- 

173- 12(43 





0-0372 

5-212 

155-3351 

i • 



0-9877 

.5-309 

173-1527 





0-01-32 

5-160 

155-3305 

* t 



0.9885 

5-318 

173-1812 





0.(1197 

5- 138 

155-3-170 




0-990) 

5-309 

173-7138 





0-0571 

5-118 

155-31102 




0-99110 

5-337 

173-2569 





0- 0(5(59 

5-115 

155.3837 




0-99811 

.5-329 

173-3222 





0-0818 

5-113 

155-3071 




0-9995 

,5-87.0 

173-3172 





0-0875 

.5-067 

155-3969 




0-0018 

6-307 

178-1573 




• 

0-1823 

1-818 

155.3902 




0-002! 

5 • 7.98 

178-3060 




» 

0-21(56 

■1 - 832 

f 5) “1031 
i 55-41 14 
101*1 204 
1(51 • 1530 




0-0032 
0-0051 
0-3015 
0*31 19 

5-288 

5-283 

4-959 

-1-919 

209-1559 

209-2278 

209-2532 




• 

0-2380 
0-2 5 1 1 
0-2.U02 

1-810 

1-872 

1-901 

10 1 • 185(5 




0-3193 

4-915 

210.2097 



’ 

■ 

0,4779 

5.243 

101 -21 34 




0-3257 

4-921 

210-2285 




• 

0--I822 

5*240 

1(51 -2579 




0*8358 

4-927 

210-2193 




• 

0- -18(59 

5*260 

101-205(5 




0-3421 

4-922 

212- 1790 





0-9261 

5*099 

101 • 3350 




0-3533 

4-98-1 

212- 1831 





0*9270 

.5-117 

111 1*3041 




0-3593 

.5-021 

212-1929 





0-9293 

5-007 

10-1-092(5 




0-9810 

5-3.18 

212-1 95(5 





0-9299 

.5-07-1 

104-1120 



• 

0-9886 

5-239 

2 12-2200 





0*9361 

5*061 

If 54 • 1390 



■ 

0.9918 

5-268 

212-2331 





0*9384 

.5*130 

104- 1000 



• 

0-001 1 

5-263 

212-2463 





0*9111 

5-117 

fOl- 1995 




0-01155 

5-7.59 

2 17 -25 12 





(1*9125 

5*217 
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The zero phase given by Struve of al (1958) refers to the epoch of the peria- 
stron passage- Since the phase of the periastron passage was given, the epoch of the 
corresponding primary minimum can be known. Combining the Struve el a ! , (1958) 
epoch of the primary minimum with the new period of 4, 393423, we find a good 
agreement with the present epoch, 

The light curves 

The present light curves shows the same anomalies already pointed out by 
Seyfert (1941). From the Figures 1 and 2, it can be noted that the depth of the primary 
minimum is about 0 m . 45 in Band O’". 47 in V and that of the secondary is about 
0 n \43 in B and O’”. 42 in V. The (B~V) colour at primary minimum is — 0 m .13 and at 
secondary minnimum it is - O'MO. It is also seen that the duration of the secondary 
minimum is more than that of the primary minimum. The general shape of the light 
curve indicates opacity cifccts caused by electron scattering in an extended envelope. 
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BULLETIN Number 183 


The Wolf-Rayet binary LID 68273 
K. S. Ganesh and M. IC. V. Bappu 


Abstract 

A series of 127 spectrograms of this binary obtained at Ivoclaikanal during 1965 and 
1966 have been used for a study of radial velocities of the emission and absorption lines. The 
period is found to be 78.5 days. The spectral typo of the O component is 07 . 5 as determined 
from a single high dispersion Mount Slromlo coudc spectrogram. The velocity curves of the 
Wolf-Rayet component arc determined for Hell 4686, the CTII complex at465£>A and CIV 4441. 
The velocity curve for the C) component is from measures o fib e^absorp lion lino ITS. Arguments 
arc presented to show that (he velocity curve of Gill 4652 is the host suited for tlxe study of masses 
of the components. The eccentricity of the orbit is 0. 17. The gamma-axis for TTell 4686 is rod- 
shifted with respect to that of 115 by 82 kin/sec. The values of m 0 sin°i and iini w sin B i arc 46.3 
and 13.0 solar masses respectively. The inclination of the orbit is likely to be such that the system 
exhibits eclipses. The W-componont seems to be the most massive yet known among the very 
small group of Wolf-Rayet: stars. 


Introduction 

The spectrum of HD 68273 has long been known to be composite and vari- 
able. The spectrum has been described by Cannon (1901) and Worssel (1916) 
from objective prism spectra obtained at. Arequipa and the Cape respectively. 
Perrine (1918) first announced the striking spectral variations of both, emisson and 
absorption lines. These have been confirmed in a recent study t>y Smith (1955) 
who found that the variations were both short-lived and infrequent. Smith 
also gives a list of wavelengths of both emission and absorption lines, as seen in 
high contrast low dispersion slit spectra obtained by him, with the 6 O-inch reflector 
atBoyden station. Sahadc (1955) announced that radial velocities measured indicated 
the star to be a binary that exhibits the spectra of two components, with most of 
the absorption lines associated with, a companion of spectral type O. From 
the few measures that Sahade had at his disposal, a period of the order of 24 days 
was indicated. Gaposchkin (1959) estimated from radial velocities obtained at 
Mount Stromlo that a tentative period of 16.2 days could he assigned tor me 
orbital motion. His visual estimates indicated light variability with a small range, 
thus holding out promise of the system being an eclipsing binary. 

The brightness of HD 68273 enables the examination of its spectrum in the 
far ultraviolet by the techniques of rocket spectroscopy. Stecher and Min gan 
(1962) from objective grating spectra find the energy distribution * rom 10UU A 
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to 3000 A to depart substantially from that of a black body at 30000°K. Alter 
and Faulkner (1964) have determined photoelectrically the energy distribution 
in the domain 3400 — 5900a . They estimate a colour tempeature of 32000°K 
on the basis of measures of monochromatic magnitudes made at Mount Stromlo 
on five nights. One needs to recognize in such continuum flux measurements, 
the role played by the continuum of the O star. 

HD 68273 is the brighter star of the optical double Gamma-Velorum. 
The fainter component HD 68243 is of MK type B2IV and is 2.4 mag. fainter than 
HD 68273. The absolute magnitude of the Wolf-Rayet star is Mv = — 5.6, if a value 
of Mv = — 3.3 is ascribed to HD 68243 on the basis of the MK classification type 
assigned. One assumes also, following Schlesinger and Jenkins (1940) that both 
HD 68243 and HD 68273 form a proper motion system. This Wolf-Rayet star 
along with Zeta Puppis probably excites the Ginn nebula, which is the largest 
HII region known in our galaxy. 

The number of Wolf-Rayet binary systems that exhbit the spectra of both 
components is very small. Of these, the best studied is V444 Cygni which has a 
Wolf-Rayet star of the nitrogen sequence along with an early type star. Sahade 
has shown that the absorption lines indicative of an early type star are seen on the 
spectra of FID 68273. Since FID 68273 contains a WC7 star with an early type 
companion, presumably an O star, it furnishes the possbility of determination of a 
reliable mass for the WC7 star and an O star, if the orbital parameters can be 
derived in detail and also, if the orbital plane is favourably inclined for detection 
of an eclipse. Only one other system FID 168206 (WC7+0) has preliminary 
spectroscopic orbits available for both the components. ' It, therefore, is of great 
interest to study the system of FID 68273 in detail and increase our information 
pertaining to the masses of these early stars. 

The spectroscopic observations 

The spectra were obtained at Kodaikanal over the period February- April 
1965 and November 1965-April 1966. A total of 127 spectrograms, obtained with 
the cassegrain spectrograph attached to the 51 cm reflector, have been measured 
for radial velocity. The spectra have a dispersion of 125 a /mm. They were 
obtained in the second order of a 600 lines/mm Bausch and Lomb grating blazed 
in the first order at 7500a . Most of the spectra were obtained on Ilford N-40 
process plates.^ A few spectra were obtained in 1965 in Ilford Thin Film Half 
Tone plates. The spectra have a width of 300 microns. A projected slit width 
in the camera focal plane of 15 microns was used. The velocity measures of the 
emission lines were confined to those of Hell 4686, CIV 4441 and the emission 
complex at 4652a originating predominantly from CHI. The velocity measures 
of the O component depend entirely on the measures of the hydrogen lines 4340a , 
4100a , with occasional measures on Flell 4200 and Hel 4471. These are all listed 
in Table 1. Previous investigators of this system have reported on the appreciable 
scatter in the velocity measures made by them. We find this to be prevalent 
even in our measures. The emission lines are in general weak and diffuse, but 
the high contrast photographic emulsion used enables the spectra show up the 
emission features with appreciable contrast. 


Table 1 

Velocity measures of HD 68273 
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The orbital elements 

The almost continuous series of observations from November 1965 to 
April 1966 indicate a period of 78.5 days. Figure 1 is a plot of the velocities of 



4652a, covering the period November 1965 to March 1966. In combination with 
our velocity ' measures, we used a few values of velocities obtained by the Lick 
Observers from Chile. We also have utilized radial velocity measures of the 
absorption lines of the O star from a single high dispersion (6.7a /mm) Coude 
spectrogram. This spectrogram was obtained by one of us with the Mount 
Stromlo 188 cm reflector through the courtesy of Director Bok and ANZAAS. 
The zero phase is assumed to be JD 2439128 . 25. The observations on two nights 
seem to rule out the possibility of a period close to a day. It is difficult at this 
stage to derive a more exact period of this system. Extended observations for 
some time will be necessary for a more correct spectroscopic determination of the 
period. 


The observations of the emission lines 4686a , 4652a , 4441a and the abs- 
orption line 4340a grouped into 20 normal points are given in Table 2. Figure 2 

Table 2 , v 

; Velocity measures — normal points 


Mean ' Mean Velocities 

phase — 

. . . 4686 . 4652 4441 4340 


■2 3 4 5 6 


0,02 +101.20 + 45.90 + 19.10 - 64.00 
0.10 - 39.80 - 88.60 —181.03 - 10.65 
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Table 2 —Contd. 



1 



2 

3 

4 

5 


6 

3 


« 


0.12 

- 61.30 

- 72.09 

— 163.90 

+ 

13.63 

4 


» 


0.17 

~ 77.16 

- 38.92 

-162.99 

+ 

39,92 

5 



• 

0.24 

— 109.80 

- 80.20 

-217.26 


31,90 

.6 




0.29 

- 83.09 

- 89.62 

-114.46 

+ 

33.96 

7 




0.34 

- 38.25 

- 76.75 

-173,60 

+ 

9.36 

8 


A 


0.44 

- 25.00 

+ 27.35 

- 89.50 

+ 

21.93 

9 


» 


0.46 

- 8,07 

+ 31.33 

-130.45 

+ 

30.65 

10 


• 

• 

0.48 

+ 23.64 

+ 39.21 

- 47.99 

+ 40.. 47 

11 


• 


0.53 

+ 51.86 

+ 74.11 

- 27.99 

+ 

20.35 

12 


• 


0.57 

+ 114.33 

+ 107.04 

+ 71.37 

• — 

27.23 

13 


• 


0.62 

+ 137.90 

+ 139.75 

+ 108,27 

+ 

17.65 

14 


• 


0.68 

+ 175.02 

+ 180.45 

+ 115.17 

— 

48.83 

15 


1 

• 

0.71 

+ 183.34 

+ 188.18 

+135.56 

— 

86.12 

16 


♦ 


0.75 

+217.82 

+ 198.61 

+ 105.63 


61.07 

17 


• 


0.80 

+214.40 

+ 197,45 

+ 143.51 


56.43 

18 


* 


0.87 

+206.09 

+208.46 

+ 152.74 

— 

59.81 

19 


« 


0.91 

+201.70 

+ 187.30 

+ 114.30 

— 

40.96 

20 


♦ 

• 

0.95 

+ 180.52 

+123.61 

+ 94.25 


34.53 


contains the plots of radial velocities of X4441, ■ X4652 and X4686. The plots 
of radial velocities show that the orbits are near-circular. Hence Sterne’s method 
was utilized to solve for the elements. These elements were treated again as 
preliminary values in the case of 4686X and 4652X and final elements calculated 
by the method of Lehman-Filhes. The elements derived from the three emission 
lines are given in Table 3, 


Table 3 



Hell 4686X 

CIII complex 
4652X 

CIV 

4441X 

Y (km/sec) 

. +63.9 + 2.4 

+59.9 + 3.0 

—26.5+1T4 

K (km/sec) . 

. . . 163.7+3.5 

153.5+4.4 

196.7+15.4 

e . 

0. 16+ .02 . 

0. 17 ± .03 

0.13+ .08 

<*> 

96° + 8° 

87° +.9° , 

78° + 43° 


In the derivation of a velocity from a measurement of the CIII emission 
complex, we have assumed a wavelength of 4652 . OX as the mean wavelength of 
the band and the shifts from this arbitrary value denote the velocities. _ While 
this prevents the assignment of an exact value for the systemic velocity as inferred 
from measures of this line, it is useful in providing a set of parameters that define 
the orbital motion. 
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The measures of the hydrogen absorption line at 4340X are utilized to stud v 
the orbit of the O star. A large scatter of the measures, together with the relative v 
smaller amplitude in velocity of the more massive O star, made it difficult for 
us to carry through an independent analysis of the orbit. We have therefore 
solved for the values of y and IC which give the best theoretical fit for the observed 
points. The final elements derived from the velocity measures of 4340° x are as 
follows: 


Y — — 18 . 0 rh 1 . 80 km/sec. 
K=43. 1 ±2.6 kan/sec. 
e— 0. 17 


Discussion 

The orbital elements obtained for all the three emission lines are remarkably 
similar. This result can be contrasted with HD 214419, CQ Cephei, where accor- 
ding to Bappu et al (1967), there is a considerable difference in the orbital chara- 
cteristics, denoted by the velocity curves of NIV 4058 and Hell 4686. A disparity 
exists only in the values of K, with CIV 4441 having the largest value of 196 km/sec. 
and the 4652a complex having a value of 154 km/sec. The large amplitude in the 
velocity curve of CIV 4441 seems certainly to originate from an apparent shift to 
the violet at some phases caused by the absorption line on the long wavelength 
side. 


In the case of Hell 4686, Sahade (1958) has shown that at certain phases a 
narrow emission is seen superposed on the broad emission feature of 4686°A. 
Sahade has interpreted this feature as due to material streaming from the Wolf- 
Rayet star through the inner Lagrangian point. The presence of this narrow 
feature is likely to upset within a small limit, the value of the semi-amplitude of the 
velocity curve. It could also affect the value of the derived systemic velocity, 
though, if it is seen at more phases than a restricted range, it is quite probable that 
the effect will be nullified. 

We have, therefore, preferred using the value of K derived from 4652a > 
since it is least likely to be affected by possible distortions that are usually present 
in Wolf-Rayet systems. In fact, 4652a may have proved also to be unsuitable for 
this purpose, were it not for the fact that a violet edge, normally seen associated 
with this line in most WC spectra, is totally absent in HD 68273, as was pointed 
out first by Smith (1955). 

Along with the measures of the H-gamma line, we have made measures of 
the absorption line Hell 4200 as well as (he hydrogen line at 4100a . "The helium 
absorption line is seen only weakly in the spectra and hence the helium contribu- 
tion to the overall absorption of the Balmer' series is not likely to be greater man 
20 to 30 per cent. In the reduction of velocity measures of 4340 we nave 
assumed that it has the wavelength of the hydrogen gamma line and have ignored 
possible contamination by the corresponding member of the Pickering series, n 
doing so, the results will be affected, if at all, in the value of the systemic velocity 
without altering K. Figure 3 .contains plots of radial velocities measured in i 
absorption lines 4340°A., 4200X and 4I01A . If the velocity curve ot js 
made to pass through the points of the absorption lines 4200a and ^IuUa , 
systemic velocities derived, then one finds the velocity of 4200a to be a 



OQ 
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km/sec. more positive than 4340a . This raises the question whether the discre- 
pancy thus observed is due to our neglect of the Hell contribution towards the wa- 
velength of the absorption feature at 4340a . If it were so, and if Hell has contri- 
buted appreciably, then the mean wavelength would be shifted more to the violet 
causing thereby the occurrence of a value of systemic velocity that is more negative 
than what we have measured. Hcncc, we feel justified that the wavelength of the 
absorption feature at 4340a is correctly taken, if one assigns to it the wavelength 
of the hydrogen-gamma line. An explanation of the more positive value of the 
systemic velocity from Hell 4200 is its likely contamination with 4200a emission 
originating from the Wolf-Rayct atmosphere. The plots of the velocity measures of 
the absorption feature at 4101 X, when fitted with the theoretical curve for 4340a, 
shows a systemic velocity very much more negative than 4340a . Clearly, the 
wavelength used for this absorption feature is not correct and the absorption is the 
sum total of the effect of, not only the hydrogen-delta line, but also, of some other 
ions that have a transition near about this wavelength. An examination of the 
spectra shows that this line is broad and intense, upsetting the decrement of the 
Balmer series at this particular wavelength. 

It is necessary at this stage to be able to determine the spectral type of the 
O companion. The single high dispersion blue spectrogram .obtained at Mount 
Stromlo shows no trace of MgTI 4481 and OIIl 3960. Also Hel 4387 is seen 
marginally. Hence the spectral type is earlier than 08 and closer to 07. The ratios 
4542 4542 3819 

4471 43 4 q— 0.2 and ^-^—0.25 make it earlier than 08, but later than 07. 

Hence a spectral type of 07.5 seems best to adopt. The Balmer series are seen 
on the high dispersion plate until H16 with certainty. 

In Table 4 we give the values of JII 07.5 sin *i and mwsinT based on the mass, 
ratios determined from the 'hydrogen-gamma line and each of the other three 
emission lines used. Since K. is an important quantity in the evaluation of the masses, 


Table 4 

Values of m o sin'H and m w sl» 


HD' 68273 • 

0 

Hell 4686 

CII1 4652 
Complex 

CIV 4441 


• • * 

54.9 

46.3 

89.8 


. 

14.5 

13,0 

19.7, 


we have to use that value which is the most dependable from the results we have 
on the three emission lines. It has been pointed out before that CIV 4441 is the 
least reliable of the three. The presence of emission from the inner Lagrangian 
point superimposed on the normal 4686A. profile and the absence of a violet edge for 
the emission complex 4652a make the latter, despite the wavelength uncertainty, 
more dependable than the other for an evaluation of the masses. Proceeding on 
this reasoning, we find that the values of Mosm 3 i and Mwsin 3 i as 46.3 and 13,0 
solar masses are in the range of values, obtained for equivalent spectral types. 
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There are very few well determined masses of the O stars available in the 
literature The values obtained in this study are in good agreement with those 
listed bv’ Allen (1963) and can provide an independent estimate of the mass of 
an 07 5 star, if the inclination of the orbit can be evaluated with certainty. The 
masses derived on the assumption of sin 3 i=l come within the range of values 
that we know to be valid for the Wolf-Rayet stars and the O stars. However, 
the detection of emission near the inner Lagrangian point at almost all phases 
would necessarily imply that the inclination has a value of 70° or smaller. If this 
is true then not only would the chances of an eclipse be ruled out, but the lower 
limits to the masses of the W and O star would be 14 and 48 solar masses respec- 
tively, While this would make the Wolf-Rayet star the most, massive of the very 
small number we know of, the mass of the O star would make it intermediate bet- 
ween those found among the O dwarfs and O subgiants. It is obvious that much 
of this speculation can be eliminated, if a light curve is avilable for the system. 

As indicated earlier, HD, 68273 has long been known for the variations in 
its spectra. The Kodaikanal Observations cover over 3 cycles of the star and a 
feature that is most strikingly seen is the variation in the absorption of Hel 3889. 
This has been reported earlier by Smith, who observed a displaced absorption 
component of this line on a few nights during 1953 and also on a few nights during 
1954. Due to the fact that the star has never been subjected to a systematic study 
before, it has always been assumed that the occurrence of displaced Hel 3889 
absorption is sporadic in nature. Our observations of the system show that tire 
violet edges are seen on two cycles chiefly between phases 2 days and 30 days. 
This fact seems to suggest that the displaced absorption of Hel 3889 can be 
observed only in a selected range of phases of the binary system. However, 
we must point out that in the second of the 3 continuous cycles we have observed 
at Kodaikanal, no displaced absorption was seen even though we had good cover- 
age of the star over a range of phase from 2 days to 35 days. It seems likely 
that this displaced absorption originates from material flow with a velocity of about 
1500 km/sec.in the vicinity of the inner Lagrangian point from the advancing hemis- 
phere of the Wolf-Rayet star. The gas streams are visible from phase 2 days to 
atmost 40 days. However, it is not necessary that, in every cycle over this phase 
range, the displaced absorption be present. We believe that the gas streaming 
giving rise to the intense and displaced Hel absorption 3889a is sporadic. Sahade’s 
findings in 4686a emission also seem to support such a conclusion. With a period 
of 78.5 days, the phases at which Smith observed displaced 3889a have been 18 
days in 1953 and 33 days in 1954. 

Acknowledgement: It is a pleasure to acknowledge the help rendered by V. Nata- 
rajan In the computations. 
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October 1967. j 
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The Wolf-Rayel eclipsing binary HD 193576 


K. S. Ganesh, M. K. V. Bappu and V. Natarajan 

Abstract 

Low dispersion spectra (75 A/mm at 4300 A) of HD 193576 have been utilized for nriini 
velocity measures as well as line profile determinations of some of the emission lines Ik J 
measures for Hell 4686. the elements derived arc, y -axis = H- 16.2 km/scc airm/JIS 1 

Of o.ll, CO :-=163°. The velocity measures of NiV 4058 are combined with earlier measures of 
Munch to yield the following values : y -axis (NIV 4058) -41 .5 km/sec, K *= 302.6 ktn/sec, 

e - - 0.09. to ---- 130°, T 0 - 0.26. T-=0,62, The velocity measures of the absorption Lines 4340 k 

and 4100 A that originate from the O component show much scatter. A combination of thr K 
of NIV 4058, H» yield masses of the O and W stars as 23.3 and 8.2 solar masses respectively. 

If 4058 A is used with the K value derived by Munch from measures of the higher members of 
the Ikilmcr series these arc 25,0 and 9.9 solar masses respectively. 


Line profiles of 4058 A, 4686 A, 4861 A from low dispersion spectra are discussed. A few 

coude spectrograms (10 A/mm) of this star were obtained at primary and secondary minima and 
outside eclipse. The emission line NIV 3483 shows a vioJel absorption edge at primary minimum. 
Profiles of H9, HI I and H 13 show clearly the increase in width at primary minimum caused by 
electron scattering. The intensities of the hydrogen lines arc also found to increase slightly at 
this phase, 


Introduction 

The binary nature or HD 193576 {V444 Cygni) was discovered by Wilson 
(1939). Gaposchkin (1941) showed subsequently that the star is also an eclipsing 
variable. Precise light curves for this system have been obtained photo-electrically 
by the Krons (1950) ancl Hiltner (1949). 

The most recent spectrographic orbit is by Munch (1950). Very soon after 

the discovery of the binary nature Wilson (1940) had shown that the 4686 A 
line originating from the Wolf-Rayet component of this system experienced little 
eclipse when occulted by the O companion. Kuhi (1956) has recently scanned 

photo-electrically the spectrum of HD 193576 from 3400 A to 1 1000 A with a 
spectrum scanner used as a narrow band photometer. He finds that in the process 
of the eclipse of the Wolf-Rayet component by the O star, the lines of ionized 
He, Nil l and NIV do not share in the eclipse but actually undergo a brightening. 

This behaviour is most conspicuously seen in 4686 A. On the other hand, the 
line identified as CIV 5808 decreases in intensity as the Wolf-Rayet star is eclipsed 
by the O star. Apparently a similar behaviour is indicated in the case of the 

Hel line at 10830 A. The interesting feature is that the CIV line goes into eclipse 
two hours before the neutral helium line does. 

In this investigation we present new orbital parameters for the binary 
system from radial velocity data. We also present the line profiles for dirterent 
lines at different phases. 
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The observations 

Twenty-eight spectra of this binary system were obtained in 1952 with the 
Mount Wilson 60-inch telescope and single prism spectrograph. The spectra 

have a dispersion of 75 A/mm at 4340 A and can be used to study the orbits 
of both com pone is. The phases of the observations have been computed from 
the epoch of primary minimum when the Wolf-Rayet star eclipses the O star. 
The elements provided by Kron and Gordon (1950) are 

Phase zero - --.ID 2428771 . 379-1- 4. 2 1238 E 

t 

The measures : of radial velocity were of the emission line Hell 4686 and NIV 

4058 along with the Balmcr absorption lines 4861 A, 4340 A and 4101 A. The 
accompanying table gives the velocity measures of this system. 

Hie orbital elements 

The earlier spcclrographic investigations of this system had assumed a 
circular orbit. We obtained a set of preliminary elements on the same basis 

from the velocity curve of 4686 A. We next applied Sterne’s method and determined 
the corrections necessary to (he preliminary orbit. The orbital elements obtained 

from the 4686 A velocity curve are 

Y = - 1 - 16.2 km/scc 

K =s 282.8 km/scc 

e = o.n 

<0 » 163° 

T 0 - 0.24 
T - 0.69 

In the case of NIV 4058 we combined our velocity measures with those of 
Munch (1950) in order to obtain a set of well deli net! orbital elements, using 
Sterne’s method. The elements thus obtained arc 

Y ~ — 4 i . 5 ± 6 . 2 km/sec 
K 302,6:h9..3 km/scc 

' 6' = 0.09:1:. 04 

« ■= 130° 

To - 0.26 

T - 0.62 • ' 

The presence of a certain degree qf eccentricity of the orbit has been speculat- 
ed on tor some time, The photo-electric measures of Kron and Gordon show that 
the secondary miiiima occur slightly earlier than (he midpoint between the primary 
minima. The eccentricity derived spectroscopically is 0.09 and is of the right 
order or magnitude to explain the observation of Kron and Gordon. The, systemic 

velocity derived from measures of 4058 A is — 42 km/scc as against 4- 16 km/sec 
foi 4686 A, or a difference of 58 km/sec, 



The velocity measures of HD 193576 
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Figure 1 is a plot of our measured velocities of the two emission lines 

4686 A and 4058 A as well as the velocities derived from the absorption lines. 
These absorption line velocities show a certain degree of scatter and indicate 
a range in location of the y-axis. This originates presumably by contamination 
caused by the emission lines that are present in the spectrum of the Woif-Rayet 

, o o 

component. We have used separately the velocity measures of 4340 A and 4101 A 
to determine the orbit of the O star. A least squares solution was made to obtain 
corrections to initial values for IC as well as y. The values obtained arc the 
following : 



Hy • H8 


y-axis (km/sec) +22.1 +32.2 + 6.7 

K (km/sec) 76.9 106.0+11.7 

The large discrepancy between the values of X of the two velocity curve; 
indicates that either one or both are afFected seriously by emission from the Wolf 
Rayet component. Since the value of X is very important in the delerminalior 
of the masses of the components, it is doubtful if our values of X from the absorp 

tion lines at 4340 A and 4101 A would add to the reliability of a mass deter 
mination. in this respect, measures of the higher members of the Balmer series 
as carried out by Munch, would have been more useful. In the calculation of tlv 
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values of m 0 sin a i and m w sin ;J i we, therefore, use in addition lo our values of K 
for the 0 component those obtained by Munch. The values of m 0 sin 3 i obtained 
are the following : 


Emission line 


Absorption line 



Hy 

H8 

Munch 
H8, H9, W 10 

Hell 4686 

m 0 stn 3 i 

15.7 

18,4 

19.7 


m w sin 3 i 

4.3 

6.9 

8.4 

NIV 4058 

m 0 sin J i 

18.8 

21.8 

23.3 


m vv sin 3 i 

4.8 

7.7 

9.3 


A value of mass determined from the velocity curve of Kell 4686 is ques- 
tionable since this line in a close binary system is liable to have complications by 
virtue of gas streaming near the inner Lagrangian point. We are, therefore, 

limited to using 4058 A and the absorption lines, preferably the higher members 
or the Balmcr series. 

There arc very few mass determinations of the O stars available in the 
literature. Using a value of i=78° derived by Kron and Gordon (1950) as well 

as the values of m t) sin 3 i and m w sin’i determined from a combination of 4058 A 
and H8 we get the masses of the O and W components as 23 . 3 and 8 . 2 solar masses 
respectively. If wc use the combination of 4058 and Munch’s value of K from 
the higher members of the Balmcr series these become 25.0 and 9.9 solar masses 
respectively. 


The line profiles 

It is well known that the Wolf-Rayet spectrum of 193576 shows very 
striking changes in the line contours of its various emission lines at various phases. 
A study of these contours help us in building a picture of the binary system as a 
whole. Figure 2 depicts the variations experienced at various phases by NIV 
4058, Hell 4686 and Hell 4860, as measured from low dispersion spectra, in 
the case of l-lell 4686, we find that at the conjunctions a narrow hump appears 
at about the peak of the profile and this hump, which is on the red side at phases 
close to the primary minimum, moves over to the violet side at phases close to 
the secondary minimum when the Wolf-Rayet star is eclipsed. This variation 
in Hell 4686 was first pointed out by Wilson in [942. In general, the overall 
widths of the lines arc essentially the same. But in the vicinity of the conjunc- 
tions, the second hump caused by the superposed narrow emission seems lo be 
primarily responsible for the changes in the profile. Sahade has shown (1958) 
that this narrow emission originates at the inner Lagrangian point and the observa- 
tions reported here substantiate his point of view. 

The profile of Hell 4860 essentially portrays the variations in location of 
the H|3 absorption line of the O star and the consequent effects that it has on the 
appearance of the overall structure. However, the total emission width seems 
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La. be greater near secondary minimum than it is at primary minimum. The 
profile at phase 0.02P has the absorption component on the violet side caused 
by an approaching O star but the narrowness of the overall emission cannot just 
be explained by if heavy mutilation of the emission line by the Hj3 profile of’ the 
0 star. It, therefore, seems that the emission line itself has a difference in width 
near about primary aiid secondary minimum, or in oilier words the emission line 
is narrower when the Wolf-Rayel star is closest to the observer than it is when it 
is farthest away. 

The profiles of 4058 A arc also displayed in Figure 2. We have given six 
of these profiles to indicate the fact that no serious changes in the structure have 
been observed during, the period when these plates were obtained. Hence, we 
can adopt the values obtained from the radial velocity measures of this line with 
a good degree of confidence. However, a few minor changes in the appearance 
of the profile need further mention. The profile close to primary minimum is 
fairly sharp peaked, differing from that near secondary minimum. 



Figure 2 (a).— 'Profiles of NIV 4058 in the spectrum of HO 193576 at various phases. 
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High dispersion spectra obtained at phases 0.02, 0.48, 0.71 and 0.95P 
arc available, for the study with belter resolution, of some of these characteristic 

changes. These spectra obtained at 10 A/mm with the 100-inch coude spectro- 
graph extend into the ultra-violet to about 3300 A. In fact these plates at 
selected phases, more especially at conjunctions, were exposed to study the profiles 
of the higher members of the Balmer series and how these have been affected by 
the electron scattering envelope around the Wolf-Rayet star. 


HDI93576 NIV 3483 N1V 4058 



In Figure 3, the prolilcs of the N1V multiplel 3s 3 S — 3p 3 P at 3479 A, 

O 0 

3483 A and 3485 A can be seen at primary minimum and secondary minimum 
alongside the profiles at corresponding phase of the 3p x P — 3d'D multiplet at 

4058 A. The kinematic conditions- in the Wolf-Rayet envelope are such as to 
broaden the individual transitions of the triplet considerably, so that we see them 
unresolved separately. The main characteristic of interest is the presence of a 
violet absorption edge displaced with respect to the centre of the emission at 

o 

3482 A by 1 160 km/sec. This feature is seen only at primary minimum when the 
Wolf-Rayet star eclipses the O component. The surprising fact is that, at this 
phase, the Wolf-Rayet spectrum should have the normal characteristics of a WN5 
star. The appearance of a violet absorption edge for NIV 3483 is not seen on 
any of the high dispersion spectra of HD 192163, HD 191765 or HD 193077. 
Tt, therefore, seems to be a characteristic stimulated by the component of the 

binary system. The multiplet 3p‘P— 3d'D at 4058 A does not show the 
absorption feature. 
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The higher members of the Balmer scries that originate in the atmosphere 
of the O star are widened at primary minimum when the O star shines through 
the electron scattering envelope of the Wolf-Rayct. star. This property was first 
observed by Munch. Figure 4 indicates the differences in profile for H9, HI I 


HD 193576 



Figure — Profiles offi#, I In and t-J, B iu the spectrum of HD 193576 at primary and secondary minimum. 


andH13 for' the two phases representing primary and secondary minima. The 
increase in widths is obvious, confirming our speculations regarding the electron 
scattering envelope. However, the intensities of the hydrogen lines increase by 
a small amount at this phase. More quantitative information would be necessary 
before we consider this as definite evidence of enhanced hydrogen absorption in the 
Wolf-Rayet atmosphere. : r . 
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The observations reported herein were obtained by ope of us (MKVB) 
during the tenure of a Carnegie Fellowship at the Mount Wilson and Patomar 
Observatories. 


Kodaikanal Observatory^ 
October 1967 j 
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Three Wolf-Rayel binaries 
K. S. Ganesh and M. K. V. Bappu 


Abstract 


Radial velocities and line profiles arc studied of the three Wolf-Rayet binaries HD 193928 
HD 186943 ancl HD 21 1853. 

HD 193928: A new orbit lias been determined from radial velocity measures of Hell 4686, 
Tiie orbital elements are as follows: y axis = -f- 60 km/scc, K = 147 km/scc, c = 0. 12, w = 51°, 
f(m) ~ 4.62 solar masses. The N1V 4058 velocities can be represented by the Hell 4686 velocity 
curve displaced in phase by 0. IP. A displacement of 185 km/scc in the gamma-axis suffices to 
fit the 4686 A curve onto the NV 4603 velocities. Lino profdo variations with phase of the 
emission lines are described. This system is likely to have an orbital inclination that will enables 
the detection of eclipses. 

HD 186943: A revised period of 9.5594 days is derived for this system, Orbital elements 
arc derived using velocity curves HcTI 4686, NV 4603 and NIV 4058. The orbital elements 
derived from Hell 4686 arc as follows: 

y axis -|- 107 km/scc, K ^ 212 km/scc, c = 0.04, 

~i 151°, y (NIV 4058) - -I' 70 km/scc, y (NV 4603) « 30 km/sec. 

HD 211853: Preliminary elements arc derived from velocity curves of Hell 4686, NV 4603 
and NIV 4058. Theso arc as follows: y (Hoi I 4686) ® 15 km/scc, y (NV 4603) = -j- 35.0 
km/scc, y (NIV 4058) --120 km/scc, c (Hell 4686) = 0.12, K (Hell 4686) « 220 km/sec, 
f(ui) (Hell 4686) - 7.25. 

The observation arc discussed in terms of some of the current ideas on the nature of the 
Wolf-Rayel phenomenon. 


IID 193928 

This faint Wolf-Rayet star has a spectral type oil the Beals classification 
between WN5 ancl WN6. It is categorized by Hiltner (1966) as WN6-B on his 
new classification scheme. The emission lines are broad and quite intense and 
hence are easier to measure than in any other Wolf-Rayet binary of the WN 
sequence. The only existing orbit of the star is that derived by Hiltner (1945) 
in which he has used radial velocity measures of Hell 4686 and NV 4603. Hiltner 
has pointed out that NIV 4058 experiences severe changes in line profile and on 
numerous occasions displaced absorptions of Hel 3888 and Hel 4471 can be 
seen. 
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Our determination of the orbit of the star rests on eighteen spectrograms 
obtained at Mount Wilson with the single prism spectrograph on the 60 inch 

o o 

reflector. The spectra have a dispersion of A/mm in the region of 4300A. 

We have measured the emission lines 4686A, 4603A and 4058A for a study 
of the radial velocity changes. Because of the faintness of the star, the spectra 
could not be over-exposed to show up the absorption lines conspicuously. The 
spectra were primarily obtained for the purpose of spectrophotometry of the 
emission lines. In Table 1 we present our radial velocity measures for this star. 
Phases have been calculated with phase zero as JD 2434179.77 and Hiltner’s value 

o 

of the period of 21.64 days. The orbital elements derived from the 4686A 
velocity curve using Sterne’s method are, 


Table 1 

The velocity measures of HD 193928 


Plate 


J.D. of 
observation 

Phase 

Velocities in km/sec. 

' 4058e 

4603e 4696e 

32598 

, , 

2434144.97 

0.60 

-138.5 

+ 62.5 -1-221.4 

32601a 

. . 

145.95 

0.56 

-173.1 

-53.5 -l- 98.1 

32601b 

. 

145.98 

0.56 

-186.2 

-92.4 +132.2 

32605 

. .» 

146.90 

0.51 

—147.1 

-98.7 +-91.3 

32632 

. 

170.92 

0.40 

-270.0 

-195.3 - 4.6 

32635 


171.88 

0.36 

-265.8 

-288.0 - 97.0 

32643 


173.95 

0.26 

-261.0 

.. - 61.2 

32655 


175.97 

0.17 

-265.5 

-228.7 - 53.0 

32660 

. 

176.83 

0.13 

-205.7 

-307,6 - 80.0 

32668 

• 

177.93 

0.08 

-132.5 

-172.4 - 19.2 

32684 

* • 

194.94 

0.29 

-265.7 

-266.1 - 90.5 

32688 

* » 

195.91 

0.25 


-276.0 - 47.0 

32724 


200.98 

0.00 

- 80.0 

- 264.1+ 37.2 

32728 

• • 

201.91 

0.97 

- 29.0 

-222.5 + 23.6 

32732 

• • 

202.96 

0.92 

- 29.4 

-119.4 + 70.8 

32747 

> 

224.73 

0.92 

. . 

- 83.9 + 27.2 

32754 

« • 

225.85 

0.87 

• - 39.7 

- 67.5 + 76.5 

32762 

• * 

227.93 

0.77 

- 28.2 

+ 61.6 +187.4 




y = -1-60 ± 8 km/sec 
K = 147 db 9 km/sec 
e - 0.12 ± 0.05 

« = 51° d: 21° ' 

f(m) - 4.62 solar masses. 

The y -axis of the 4686A velocity curve has a value of 60 km/sec, in exact agreement 
with the value derived by Hiltncr. However, the value of K differs by about 17 
km/sec. No orbit analysis has been carried out with the velocity measures off 

4058 A. # We show in Figure 1, the velocity curve of 4686 A in the upper half 
of the diagram. In^ the lower half of the diagram the solid curve is the theore- 
tical curve of 4686 A, the filled circles are the observed velocities of 4058 A, and 
the dashed curve is the 4686 A curve displaced by 0. IP to have a good fit with the 
4058 A velocities. 



Figure /.“Velocity curve of HD 193928. The top half of the diagram gives the 1-IeII 4686 curve. In 
the lower half the solid circles are the observed velocities of N1V 4058, the solid 
curve is the theoretical curve of Hell 4686 and the dashed carve is tho Hell 4686 curve 
displaced by O. I P so as to fit (he NEV 4058 velocity values. 
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It is difficult to explain the nature of this phase shift as seen in 4058 A. 
It is likely that over the duration of the observations there has been activity on 
the star seen in NIV 4058 causing such a displacement. 

Figure 2 is a plot of the emission line NV 4603 with the .solid curve 

o 

representing the variation of 4686 A. It is seen that the curve fits the points well 
out for .a displacement in the y -axis by 185 km/sec. 



Figure 2 . — Velocity observations or 1-ID 193928. The points arc the measured velocities ol' NV4603 
while tho solid curve is the velocity curve of Hell 4686. 


The study of the profiles in a system of this kind is obviously of considerable 
interest. Figure 3 shows the variations experienced by Hell 4686 at .four different 
phases. At phase zero, the Wolf-Rayct star is farthest from the observer. At 

o 

this phase, the profile of 4686A is narrow with a slight hump on the longward 
side. At a phase when the Wolf-Rayet star is closest to the observer, which 
happens to be at phase 0 . 5, the profile is almost symmetrical and narrow. The 
profile is broad at phases 0 . 77 and 0 . 60 and the hump seen near phase zero 
continues to prevail. Figure 4 depicts the variations experienced by Hell 4200. 
Here again, the lines are narrow at phase zero. The profiles at elongations arc 

wider than at phase zero and on some occasions, as seen in 4200 A, there arc 
suggestions of displaced humps in the structure. At phase 0.51 a hump on the 
shorter wavelength side is seen. However, the reliability of the presence of this 
hump cannot be affirmed with any degree of certainty because there has b'een no 
additional plate taken on the same day to confirm it. 




Figure '/. — HD 193928. Line profile variations of Mel I 4200. 
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The variations experienced by 4058 a have been striking during the period 
of observation by Hilt tier. Our observations shown in Figure 5 indicate that 
there are changes in the profile of this emission line. The line is more narrow 
near phase zero, similar to the pattern set by the others. However, at phase 
0.51 it is quite wide and indicates a rather intense hump on the longward side, 
This perhaps, is the kind of variation noted by Hiltner and it is the presence of this 
distortion in the profile that prevented us from the calculation of orbital elements 
from the velocity measures of this line. 


HO 193928 N IV 4058 



Figure 5. — HD 193928, Lino profiles of NiV 4058. x 

The system of HD 193928 is, therefore, one which seems to have striking 
spectral variations. One is reminded of the variations seen in HD 50896 which, 
of course, is not an established binary system. The amplitude of velocity varia- 
tion is appreciable and it is quite likely that this star is an eclipsing variable. If 
it is so, however, it would have only grazing eclipses. A comparison of the mass 
function with that of CQ Cephei (f(m)~4.4 solar masses) is of interest. It does 
seem possible that HD 193928 can be a good candidate in any search programme 
of eclipsing binaries among the Wolf-Rayet stars. 
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HD 186943 

The spectrum of this star on the Beals classification is WN 5. Hiltner 
(1966) classifies it as WN5-A. The emission lines seen in the blue region of the 

spectrum are Hell 4686, the two NV lines at 4619 A and 4603 A, as well as NIV 
4058. The Pickering series of Hell arc also present, in emission, but are quite 
faint for accurate measurements. The N V lines do not seem to have violet absorp- 
tion edges. There arc some absorption features seen in the spectrum. The 
spectra available for this study were obtained with a glass prism spectrograph 
and hence it was not possible to observe the higher members of the Balmer series. 
According to Hiltner(l945), these absorption features are extremely weak. 

The only orbit of the star that is available is the one derived by Hiltner 
(1945). This study yielded a period of 9.55 clays on the basis of velocity measures 

of 4686 A, the NV emission lines and NIV 4058. The elements were determined 
from the velocity curve of Hell 4686. Hiltner reported a phase shift between 

the velocity curves of 4686 A and 4603 A tie also derived a velocity curve 
from the hydrogen absorption lines. 

Wc have only ten spectra well distributed in phase of this star. We had 
exposed these for spectrophotometry of NIV 4058 since a variation with phase 
was apparent from Hiltncr’s work. The measures of radial velocity are given 

in Table 2. Preliminary orbits were obtained for 4058 A, 4686 A and 4603 A. 
The y -axes derived from NIV 4058 at*d NV 4603 arc 75 km/sec and 30 km/scc 
respectively. On the other hand, Hell 4686 has a y-axis value of 105 lcm/sec. 
The fact that the NV 4603 line has a systemic velocity nearly equivalent to that 
of NIV 4058 indicates that the NV lines have little or no violet absorption edges. 
The observations reported here were combined with those of Hiltner to yield a 
revised value of period of 9.5594 clays. The phases were computed with the 
formula. 

Tabu*: 2 

The Velocity measures of H D 186943 


Velocities in km/sec 

J AX of 


Plate 


Observation 

Phase 

r 4686c 

— A 

4603c 

4058c"' 

32653 

• 

. 2434175.75 

0.78 

— 122.4 

— 116.2 

—212.2 

32659 

• 

176,78 

0.89 

— 6.8 

— 32.3 

—212.2 

32667 


177.87 

0.01 

4-149.6 

— 38.8 

— 43.3 

32686 

* 

195.79 

0.88 

+ 102.0 

—180.8 

—324.8 

32720 

« 

200.74 

0.39 

+ 136.0 

+ 103.3 

—129.9 

32725 

• 

201.71 

0.50 

— 27.2 

— 58.1 

— 160.3 

32730 

i 

202.84 

0.61 

—102.0 

-- 90.4 

—316.1 

32748 

< 

224.80 

0.91 

-1- 20.4 

— 6.5 

—285.9 

32761 

i 

227.86 

0.23 

+ 292.4 

+ 219.6 

— 199.3 

32766 

i 

228.90 

0.33 

+ 170.0- 

+ 38.8 

+ 4.3 


All! 


Phase zero=JD 2431253, 041+9. 5594E. 

a 

The Hiltner observations of 4686 A were' combined with our measures 
and a least squares solution obtained of the orbital elements. Table 3 lists these 
elements along with similar values derived from the preliminary orbits of NIV 
40*58 and NV 4603. The velocity curve for Hell 4686 is shown in Figure 6. 


Table 3 


The orbital elements of HD 186943 


4686A 



4058A 

4603A 

p = 9 . 5594 days 


P 

- 9.5594 days 

P =■ 9 . 5594 days 

c --- 0.0361 :!: 

0.02 , 

e 

0 

e = 0.0162 

= I50°54' ::fc 

6°54 # 


- 150° 

= 149° 

in 

CN 

H 

1! 

12,9 Km./scc 

IC 

" 1 65 K m/scc 

1C = 162.5 Km/sec 

- 106.7 :fc 

6.7 Kan /see 


a** -1-70 ICm/scc 

-- 1-40 Km/sec 



The 4058 A emission line is extremely weak in this star. In order to obtain 
this with the correct density, it was necessary to over-expose the 4686 A region. 

As such, we have no line profiles of 4686 A for this star. The 4058 A Nine at 
the time of observation did not exhibit the striking changes reported on by Hiltner . 
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At a phase close to zero la Figure 7, the line is sharper and more intense than at 
other phases. It is quite possible that our spectra were exposed during a quiescent 
spell of the system. Hiltner reported on a phase shift between the velocity curves 

of 4686 A and 4603 NV. Based on our observations alone, wc fail to find such 
a phase shift. This is also an added confirmation of the fact that the spectra 
available for this study were obtained at a particularly quiescent phase. 



l-igitre 7.--NJV -1058 ProJilc changes l'» HD 1 8694 J 


HD 211853 

The spectral type of this star is WN6. Hiltner (1966) classifies it as WN6. 5-A, 
The predominant line is Heir 4686. The rest of the emission lines are 
fairly weak. Absorption lines at H|3, Fly _ and H8 are present. 1 lie- velocity 
changes of these lines indicate that they originate from the companion. Occasion- 
ally a violet shifted 4471 A is seen. Hiltner (1945) has given an orbit for the star 

utilizing the velocity measures of 4686 A, 4058 A and 4603 A. His measures 
of the H-lines were not such as to give a confident measure of the velocity curve 
of the companion. Recently Hjellming and Hiltner (1963) have reported on the 
light variation of this star. The obvious characteristic of the light curve is the 
intrinsic variability of the system shown by a lack ol repeatability from cycle to 
cycle. An improved period of the binary has also been derived by^ Hiltner. This 
is one of the stars in which Hiltner (1950) lias measured the emission line intensi- 
ties photoclcctrically and found that when the Wolf-Rayet star was eclipsed by 
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the companion, the emission intensity was the greatest. The observations of 
light variations by Hiltner through UBV biters indicate that an eclipse of the 
system does take place, but the intrinsic variation in the Wolf-Raycl star is such 
as to prevent easy study of this light curve by conventional methods. 

We have only 10 spectra, primarily obtained for spectrophotometry, 
available for velocity measures. However, these have been utilized for measur- 
ing the velocities of 4686 A, NiV 4058, NV 4603 and the hydrogen lines of My 
and H8 of the companion. These measures are given in Table 4. Only prelimi- 
nary elements have been derived on the basis of the three emission lines. These 
indicate that the system is one of small eccentricity. The preliminary elements 
and the mass function values derived are given in Tabic 5. There is close agree- 
ment between the mass functions derived from Hell 4686 and NV 4603 while 

that derived from 4058 A, dcviales considerably from the other two emission 
lines. This is in agreement with the findings of Hiltner that NIV 4058 lacks 
repeatability. 


Table 4 


The radial velocity measures of Hi) 21 1853 


Phase 

Velocities (km/sec) 

" 4686A 4603A 4058A ' 

0.06 

-I- 15 

145 

— 105 

0.09 

0 

, « 

160 

0.20 

-1- 95 

80 

0 

0.34 

. ' -1- 180 

T 125 

1- 20 

0.48 

-1- 250 

•1 280 

1- 65 

0.58 

... . .. . . -1-40 

-1- 125 

160 

0.64 

-1 30 

T 120 

— 145 

0.92 

— ,225 

- 200 

290 

0.93 

140 

200 

— 225 


V 

Table 5 




The orbital dements of HD 211853 



4686 a' 

4058A 

4603A 



K =- 220.00 km/scc 
— + 15.00 km/scc 


155.00 km/scc 23 5 . 60 km/scc 

— r!20 km/scc -1-35.0 km/scc 


e -0.12 
- 79° 

a sin i 2.01 x 10 7 
f(m) 7.2460 


0.20 0.24 

64° * 315° 

1.39 x 10 7 2.10 x 10 7 

2.4010 8.239 
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The velocity measures or the hydrogen lines plotted arc seen in Figure 8. 
One sees a general scatter of the points but the trend of velocity is similar to what 
has been noticed by Hiltner, many years ago. It is rather difficult to fit a velocity 
curve of the companion, through the points that are available and therefore, 
we have made no attempt to estimate the mass of the companion. 


HD 211053 



Wc have derived line profiles for this system for 4686 A, 4058A and 

4861 A (Figures 9a, b, c). The variations seen in 1-IciI 4686 arc reminiscent 
of those seen in V444 C'ygni. At a phase close to zero corresponding to the 
position when the Wolf-Rayct sar is closest to the observer, the profile is narrower 
than when the Wolf-Rayct star is farthest from the observer. At phase 0.47, 

there is a double hump structure in 4686 A. This double hump is seen even at 
phases 0.60 and 0.61 and one can speculate on its existence even at phase 0.09. 
However, the fact that at phase 0.31 the profile is symmetrical indicates that, 
this change of profile is more due to the intrinsic variations in the system than one 

caused by the variation of phase. The 4058A profiles show in general that in the 
vicinity of phase zero, the profile is narrower than it is elsewhere. The intensity 

of 4058A is extremely weak in this star and hence it is not easy to derive a reliable 

profile of this emission line. The profile of the emission line at 4680 A is affected 
considerably by the presence of the Hp line of the companion. In general, the 
emission intensity of ionized helium in the vicinity of phase zero seems to be 
much less than what iL is in the vicinity of phase 0.50 to 0,60. The double 
hump structure at 0.6 is typical of what one would expect of a receding O star 
and an approaching Wolf-Rayel star,- with the absorption line of Hp of the O star 
multiiating the smooth structure of the emission line originating from the Wolf 
Rayet star. 






HO 211 853 He II 4686 



Figure O (a ). — HD 211853 Line profiles of emission lines in Hell -1686 


HD2II853 NIV 4058 



Figure 9 (/>). — HD 211853 Line profiles or emission lines in NIV 4058 
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Discussion 

The observations of live binary systems that we have studied (Ganesh and 
Bappu, 1967a, Ganesh, Bappu, Nalarajan 1967b) provide us with a set of informa- 
tion which can be usefully examined to obtain a picture of the Wolf-Rayet atmos- 
phere, We have attempted to derive orbital elements for the different systems 
using different lines. While these orbital elements arc liable to be affected by 
mass motions in the binary system, the availability of line profile data simultane- 
ously, enables a judicious selection of the orbital elements to be made. Four 
of the systems have orbital elements with a least squares fitting of the observations. 
The system of V444 Cygni is the only one that lias a well established light curve." 
It, therefore, provides the best mass estimate for the Wolf-Rayet star as well as 
the companion O star. The values obtained for 1-ID 68273 satisfactorily agree 
with the present day concepts of masses of the Wolf-Rayet stars. It remains to 
be seen whether IiD 68273 is also an eclipsing binary. 

A striking feature observed in most of the binary systems examined is that 
there are large-scale changes in the line profiles caused either by intrinsic variabi- 
lity in the atmosphere of the Wolf-Rayet star or a phase-dependent variation 
depending on the geometry of the situation. Many of these systems have t a 
structure in Hell 4686, at phases of conjunction, that are typical of material 
now through the inner Lagrangian point, T t is present even in such a well separated 
system like HD 68273. Hence, we may conclude that in almost all cases of Woif- 
hayet binary systems, gas flow through the inner Lagrangian point is likely to be 



present. Many of the systems examined show large-scale changes in intensity of 
emission. These are apparent in the Hell lines of the Pickering series in V444 
Cygni, in HD 193928 and also in HD 211853. This is suggestive of the fact 
that it is likely that in a Wolf-Rayet atmosphere, specially of a Wolf-Rayet star 
that is a member of a binary system with an early type component, the longitudinal 
distribution of emission is by no means uniform. We have ample justification 
for this presumption, not only from the data given here but also from the study 
of CQ Cephei. In general, there seems to be more emission present near the 
conjunctions than at elongations. The question of course, is whether such a 
peculiar longitude distribution of emission intensity is stimulated by the presence 
of the companion. It is difficult to answer this question with any degree of 
certainty with the present slate of observation. 

The red-shirt experienced by Hell 4686 seems more or less a certainty for 

the systems examined. HD 68273 with its large separation of components and a 

period of 78.5 days also shows the phenomenon. This puzzling aspect of the 

enhanced systemic velocity determined from Hell 4686 is likely to be a vital clue 

in any explanation or the origin of the emission of Hell 4686. Could it be due 

to fluorescence as a result of which selective excitation is possible only when the 

0 

gases that give rise to 4686 A emission have a certain velocity of recession with 
respect to the exciting source ? This is a problem that needs careful consideration. 
For the present, the reality- of the phenomenon is established beyond doubt. 

The binary systems have been an automatic choice for examination of 
several of the hypotheses advanced earlier concerning the nature of the Wolf- 
Rayet atmosphere. HD 193576 stimulated Wilson to show that a “transit time 
effect ” would be present if the Beals hypothesis was valid. The Beals picture of 
a simple expanding shell suffers from various defects. Alternative models postulat- 
ed have their own difficulties. Many years ago, Bappu (1951) showed that rota- 
tional instability could explain the large widths in the emission line in the stars. 
He also showed that this would call for an excitation gradient of the Wolf-Rayet 
atmosphere in such a -way that the widest lines have the highest excitation. Quite 
independently, Limber (1964) has postulated that the wide emission in the Wolf- 
Rayet star can be explained in terms of forced rotational instability consequent 
to the continual gravitational contraction in a post main-sequence stage. Limber 
has examined this hypothesis quantitatively and he has shown that it is very 
attractive when compared to Beads old hypothesis. A significant aspect of this 
theory is that the narrow lines originate farther away from the stellar surface 
than the lines which, have enhanced widths. Limber also pointed out that there 
is a surprising coincidence between the volume occupied by the electron scatter- 
ing envelope of HD 193576 and that formed by the inner Lagarangian lobe about 
this component. 

While the rotational instability hypothesis has many attractive features 
which indicate a situation closer to reality than any achieved so far, nevertheless, 
several difficulties exist that need explanation. In Figure 10, we have plotted 

the individual velocities of 4686 A for three binary systems. If rotation is an 
important feature, then for the eclipsing system V444 Cygni or even for the other 
.systems it would be necessary to observe the Rossitcr effect, caused by rotation. 
It will be seen that an examination of these curves shows that Rossiter effect 
cannot be detected. Limber, of course, postulates that the absence of a Rossiter 
effect is not likely to invalidate the hypothesis, since several mechanisms could 
mask the feature. The broadest emission lines in the system of HD 68273- are 
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identical to those seen in Y444 Cygni. The observations listed above on the 
broadening of the higher members of the Balmer series at the phase when the O 
star is eclipsed by the Wolf-Rayet star clearly indicate the definite manifesta- 
tion of electron scattering. Therefore, one can postulate with sufficient degree 
of confidence, the fact that such an electron scattering envelope exists in every 
Wolf-Rayet atmosphere. Several of the binary systems studied have different 
values of K. It is very likely that some of them may be systems with high orbital 
inclinations and some with a small value of sin i. In general, it seems as though 

o 

there is very little difference in the line widths of 4686 A for the various systems. 
On the basis of the rotational instability hypothesis, it is necessary to find a change 
with the inclination. However, the lack of decrease in the emission widths is 
likely to be offset, by the postulate of electron scattering envelopes of differing 
properties in such a way that the electron scattering more than olfscts the narrow- 
ness of the emission lines. 
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It seems that a profitable avenue for study of the Wolf-Rayet phenomenon, 
is to study in detail the binary systems. We need to detect many more binary 
systems than we have so far, in order lo find among them systems that have 
favourable inclinations for an eclipse, systems that can provide reliable information 
on the masses of the stars and also those that can be usefully utilized in enabling 
the easy conjecture of a model of the Wolf-Rayet atmosphere. 
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Line Profile Analysis of Carbon Molecules in the Sun 
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Abstract 

Thirteen molecular lines ol’ C1N, C R and GH have been photoelectric ally observed at six disc positions 
each. The observed trends fall into two categories; one Tor strong lines and another for weak lines, irrespec- 
tive of the molecule of their origin. Detailed profile calculations have been made for six selected lines, LTE 
methodology ancl an anisotropic model of tut bulcncc have been assumed. Tu the region of line formation for 
these molecules ( x~ 0.1 to 0.04 ) and arc 3,0 km/sec and 3.6 km/scc respectively. An interest- 

ing variation of the factor F, used for fitting central intensities with p. is found. It is strongly suspected 
that important physical reasons underlie this variation, 


Ever since Peckers group (1949, 1950, 1952) studied the centre-limb variation of 
equivalent widths of resolved and unresolved CN, CPI and C 2 lines, the problem of correctly 
interpreting these variations has remained. Calculations based both on pure scattering and 
pure absorption mechanisms of line formation have predicted equivalent widths that are 
larger than the observed ones at the limb. 

The following ideas have been put forward to remove the discrepancy: 

(a) Existence of non-LTE effects as arc present in the formation of atomic lines 
(Pecker ancl Pradcrie 1960). 

and (b) Presence of unsuspected polyatomic molecules involving carbon (Labordc 1961). 

Although these have changed the equivalent widths in the right direction, the agree- 
ment has not been improved significantly. 

This problem has been heightend by more recent observations by Newkirk (1957) 
Laborde (1961) and Cowley (1964). Newkirk’s analysis of excellent observations of CO 
lines has shown that the Allcr-Picrcc model along with the mechanism of pure absorption 
explains the C-L observations very satisfactorily. Using Minnaert’s photospheric model, 
Laborde predicts the C-L variation of MgH lines correctly, while for C 2 the observed and 
predicted variations are very different. Cowley’s results for GN proves that LTE calcula- 
tion of equivalent width is entirely adequate for the centre of the disc observations. We 
are led to conclude, therefore, that: 

(i) A conventional model of the photosphere is adequate for both a molecule like 
MgPI formed relatively lower in the atmosphere (7 0 (MgH) >0.1) and a 
molecule like CO formed higher up (t q (CO) <.01) 

•Now at the Department of Physics Indian Institute of Technology, Kanpur. 
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(ii) Calculations based on a similar frame work are also correct at [*=- 1 . 0 for mole- 
cules like CN (t 0 (CN)^O.OG 

(iii) It has not been possible to predict the C-L variations of CN, GH and C 2 on 
the basis of LTE methodology, coupled with conventional models. 

It is evident that the cause for the discrepancy lies in a direction that has not yet 
been explored and a rc-examination of the problem is necessary. The crucial question is, 
why is LTE methodology inadequate for all observed carbon constituent molecules except 
CO ? In fact CO being formed in the highest layers, should be affected more by deviations 
from LTE. Also is T cxc ^ T c] the only way in which non LTE effects enter the molecular 
problem? These are the questions that must be looked into. 


Another aspect of interest regarding carbon molecules, arises from the fact that 
they exist in a narrow layer in the transition region between the photosphere and the 
chromosphere. This enables one to use these molecules for studying the structure of (his 
region; especially of interest is the determination of turbulence velocity as can be appre- 
ciated from Fig. 1. In the hatched region there arc no velocity determinations and it is 




HEIGHT x I0 e km 

Fig. 1. The known variation of turbulent velocities with height in the sot nr 

atmosphere. The shaded area is the region of interest in thfe invest!- ! 

gation; triangles represent Unno’s results and circles the results of other ! 

, _ workers. , 

precisely here that the molecules arc formed. In his fine analysis of GN lines, Cowlcj 
states that his results are insensitive to both the model of turbulence and its . magnitude 
While this may be true lor equivalent widths, profile shapes arc sensitive to both. j 

i 

r The object of this investigation has, therefore been : 

(1) to study differentially, C-L variation of line profiles of the Carbon molecule 

CN, CH and C 2 j 

(2) to derive turbulence velocity from these profiles, on the basis of LTI 

methodology. i 
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OBSERVATIONS 


The solar lower telescope of 38cm aperture of the Kodaikanal Observatory has 
been used in this work. This gives a 34 cm image (scale 5" arc/mm). The image it 
guided by an electro- mechanical system, with respect to a pattern of circles drawn as 
specific {x values, and mounted at the plane of the focussed image. 

The 18.3 meter Litlrow spectrograph has a 200 x 135 mm Babcock grating. The 
4th, 5th and 6th orders were used in this study. The dispersion in the 5th order at 5000a 
is 10 mm / a. 


The profiles wore traced photo electrically. The scanner had a speed of 3mm/ 
minute so that scanning rate of 5mX /sec is achieved. At the dispersion used the scanning 
slit isolated 3mA of the spectrum. The output was amplified by a D. G. amplifier ancl 
fed to a Brown recorder with a J see time constant. The sky transparency was monitored 
i by a stationary photomultiplier tube, centred on the nearby continuum. 

i 

: Instrumental Profile 

i 

! The instrumental profile was derived by tracing an iodine absorption line at 

15318.610a in the 5th order. A 10 cm column of iodine vapour was placed in the Solar 
[beam just ahead of the slit. The pressure of Iodine was controlled by visually examining 
I whether very close doublets at (a At; 10mA) at 5330.10 , 5330.33 and 5333.57a were 
(well resolved. The half width of the instrumental profile with a 2.4 normal slit was 13mA. 
!' 

- The observed profiles were corrected for finite resolving power by the graphical 

method suggested by Braccwcll (1955), which is quick and of useful accuracy. The. maxi- 
mum correction to the central intensity for resolving power was 0.8% of the continuum 
'intensity. 


'Scattered Eight 

I 1 If *g* gives the excess scattered light, the true relative intensity at any point on 

[the profile is given by , 

f . 

V * true* ( \)bs g)/( -^erntjobs g) 

L- 

l , , 

( Diffuse scattered light was taken into account by registering the signal ' with the 

iruled area of the grating masked and the scanning slit centred on the continuum. This 
^signal was used as the reference dark level, over which all measurements were made. 

To correct lor Rowland ghosts, g is obtained from the above equation by combi- 
ning the observed central intensities of Hy, Mg b t and Na Di and D 2 in the 6th, 5th and 4th 
prders with the Sacremento Peak double pass observations of the same lines (White 1962, 
iWaddell 1962 and 1963). To check the accuracy of this method, ‘g 5 was evaluated from 
|the central intensity of Mgb, and the other parts of the line were corrected using this t g\ 
gDouble pass and the corrected single pass profiles, coincided with each other, over the entire 
profile, within one percent. 

Table I sets out the details of observations. The profiles were measured in all 
[eases with respect to the local continuum which is the same as the general continuum given 
[by the Utrecht Atlas except for CN lines at 3864a and 3879a . Profile measurements for 
these, two lines were referred to an arbitrary continuum which matched the general conti- 
nuum of Utrecht atlas. This amounted to changing the residual intensities referred to the 
jfoeal continuum by a factor of 0.95. 


Details of the Photoelectric observations included in this study 
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Pencilled copies of the profile on transparent graph sheets were obtained and 
measured at every millimeter, dispersion on the traces ranging from .007a /mm to 
.005a / mm. The average of atleast six such traces was plotted to a large working scale 
and corrected for instrumental profile and scattered light. 

Description, of the observed profiles 

3864,307a CN: This is a close spin doublet with a separation of less than 15mA 
and rotational quantum number K.— 14. The central intensity increases from centre to 
limb, slowly at first and steeply later. The half width also increases towards the limb, so 
that the equivalent width remains nearly constant. The profile takes a characteristic 
U— shape towards the limb. 

3879.579a ~] 

3879,661a > CN is a triplet of the 0 — 0 vibrational transition; K = 9, 48 
3879.716a j and 48 respectively. 

Towards the limb, the profiles become shallow and broad keeping the total absorption 
due to the three lines effectively constant. 

4192'917a CN comprises of three lines of 4192, 898a. 4192.898a and 4192.962 
of the 0 — 1 vibrational transition. 

The latter two have K—40 of the P branch and the former K = 0 of the R branch. 
The profile has a pronounced red asymmetry, as is to be expected in view of the presence 
of the 4192.962a line. Central intensity decreases in going towards the limb. The half 
widths, however, increase and the profile becomes U shaped towards the limb. 

4207.409a line of CN is a doublet of 4207.399 and 4207.468a. Central intensity 

rises steeply with decreasing (j,. At the limb, the profiles are U shaped, broader and 

shallower. 

4212.215a, 4212.275a and 4212.399a are CN lines with aV~ — - 1. The first 

two are spin doublets with K=38 and 4212.399a has IC=^7. The C-L decrease of the 
central intensity of the unresolved spin doublet is more rapid than that of 4212.399a . 

4210.970a of CH has K~16 and is a doublet of R 2c(1 and R k(1 components, The 

line has a violet asymmetry. Like the strong lines of CN, r c , the central intensity increases 
towards the limb and the profile is once again U shaped at the limb. 4218.726a of CH 
is a doublet comprising of the R 1( | C and the R 2t | C components of K=15. This has a slight red 
asymmetry and has the same characteristic C-L variation of central intensity and half 
width as the 42 1 OX line of CPI. 

4281.974a of CPI also behaves similarly on going from centre to limb. This line 
comprises of the Qt.rbQ,™ components of K— 22. 

4378.915a of CPI is in the P branch of 1—1 vibrational transition with K— 15 
and is made up of the P Ide and the P 2(lc components. The line has a C-L variation of r c and 
half width similar to the weaker lines of CN, ue. t 4192 and 4212 a 

5086, 251 A , 5086.399 a arc partially resolved C 2 triplet of the Swan system- 
5086,251 is the unresolved R 23 (37) ( line and 5086.399a, the R t (37) line, The lines are 
broader and deeper towards the limb, following the pattern of the weak lines of CN. 
5094,029 of C 2 comprises of the unresolved P 2J (62) at 5094.002 and Pj (62) at 5094.025. 
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0-938 

0-030 

30Q 

0*961 

0*970 

0*964 

0*963 

0-953 

0-952 

320 

0*980 

0.984 

0*970 

0*979 

0*975 

0-973 

340 

0-993 

0*995 

0-994 

0*992 

0-992 

0-991 

SCO 

0-998 

1-000 

1*000 

1*000 

0-998 

1-000 

380 

1-000 




1-000 


♦Indicates that residual 

imcmitici have been measured from this position, 

in slops of 20mA towards die long 

wavelength. 
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TABLE U—Contd. 


o 

AXin mA 


Jj:=0,80 

li-0.60 

p—0 .45 

j -0,35 

;r~-*0, 25 




5005. 071 A* CSj 




0 

! .000 

0,998 

0.998 

0.998 

1.000 

1.000 

20 

1 .000 

l .000 

1.000 

(.000 

0.998 

0.99B 

40 

0.099 

0.996 

0.998 

0.998 

0.991 

0.992 

00 

0.993 

0.991 

0.991 

0.993 

0.983 

0.960 

00 

0.984 

0.902 

0.976 

0.970 

0.970 

(1*960 

100 

0.968 

0.964 

0-958 

0.948 

0.944 

0*933 

120 

0-916 

0*941 

0*931- 

0*912 

0*912 

0-911 

HO 

0.912 

0*911 

0*900 

0*976 

0.883 

o.aei 

HiO 

0-8B0 

0.881 

0*874 

0*860 

0*859 

0*862 

iao 

0*874 

0*871 

0*863 

0*852 

0*848 

0*852 

200 

0*8116 

0*803 

0*875 

0*1)63 

0.850 

0 * flli'2 

220 

0-906 

0.906 

0*893 

0*882 

0*880 . 

0*081 

210 

0*929 

0,927 

0*911 

0*910 

0*90*1 

0*909 

200 

0*916 

0*948 

0.932 

0*931 

0*922 

0*926 

200 

0*96 1 

0*954 

0*913 

0*910 

0.933 

0-943 

000 

0*9.1] 

0-947 

0.915 

0.93*1 

0.934. 

0*930 

320 

0,942 

0*938 

0*941 

0.926 

0.926 

(1-927 

340 

0.942 

0-938 

0*937 

0.931 

0*923' 

0.929 

360 

0.9 19 

0*950 

0*946 

0.942 

0*934* 

0*939 

300 

0.9G4 

0*965 

0.959' 

0*956 

0.951 

0.9-4 

400 

0.979 

0.970 

0*97*1 

0*971 

0*969 

IH..69 

420 

0*989 

0*980 

0.906 

0.984* 

0.903 

0* .83 

410 

0*998 

0*993 

0*995 

0*991 

0.993 

0.9,) 

4U0 

1 .000 

0.998 

0.998 

0*999 

0*990 

0*999 

480 


1*000 

t.000 ' 

1.000 

1*000 

1-000 




5159*327A * Cl a 




0 

0.964 

0*964 

0*965 

0*963 

0.964 

0-%J 

20 

0.964 

0*964 

0.964* 

0*963 

0.963 

0*900 

40 

0*961 

0*961 

0*958 

0.959 

0*950 

0*950 

GO 

0*9.i6 

0*957 

0.948 

0,946 

0*938 

0*93? 

00 

0.938 

0,944 

0.922 

0 .926 

0*900 

0.910 

JflO 

0.910 

0*907 

0*890 

0*894 

0.002 

0*082 

120 

0.88! 

0*872 

0*869 

0*BG3 ' 

0,055 

0,061 

140 

0*864 

0,861 

0*863 

0*053 

0,043 


160 

0*877 

0*871 

0*872 

0,862 

0.051 

0*862 

100 

0*900 

0-095 

0.888 

0*879 

0*074 

0-876 

200 

0.920 

0*912 

0*900 

0*099 

0*095 

0-892 

220 

0.928 

0*920 

0*914- 

0*910 

0.900* 

0-000 

240 

0*92! 

0-916 

0*910- 

0.904 

0*090* 

0.091 

260 

0.902 

0*908' 

0*903' 

0,094* 

0.890 

0.081 

200 

0*910 

0.902 

0.898 

0.092 

0.009* 

0 Am 

300 

0*928' 

0*908 

0,906* 

0*904 

0.900 

0.89,1 

320 

0,942 

0*930” 

0*923' 

0*918* 

0.914* 

0.911 

340 

0.95T 

0*946* 

0,939' 

0.933, 

0.94*5* 

0.930 

360 

0*93f)‘ 

0*954' 

0*946' 

0*941- 

0*937* 

0.9(0 

380 


0,954- 

0*948* 

0*91*7 * 

0.94*5* 

0*942 

’"Indicates that residua! intensities 
region. 

have been measured from this position, in steps of 20mA towards the long 

wavelength 
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THEORETICAL LINE PROFILES 

Calculation oflinc profiles requires that I f (\,(a) the continuum intensity and 
I f (\,(x) the line intensity be computed. These calculations have been based on the 
assumption that: 

1. Local thermodynamic equilibrium conditions arc valid in this problem. 

2. Lines arc formed by pure absorption. 

3. Molecular lines are not affected by damping, so that only pure Doppler pro- 
files are calculated. 

Continuum Intensity 

In choosing the model atmosphere two factors were considered. Firstly that the 
carbon constituent molecules arc formed in the transition region between the photos- 
phere and the chromosphere and all three molecules under study have been observed in 
emission. Therefore, the model atmosphere covering very small values of optical depth is 
required. Secondly the ability of standard pholospheric models to explain observations 
of CO ancl MgH molecules indicate that cold models with T^3900° IC advocated by Pecker 
(1957) arc probably ruled out. Also an analytical model based on observations is more sui- 
table. Therefore, from log t 0 -~ — 1.6 to logT n =-ML6 Pierce-— Waddell (1961) model 
was used. This model was extended beyond log t q --- — 1.6 by combining it with the 
model given for the lower Chromosphere by Thomas and Athay (1961). This extends up to 
log — 5.0. Table III gives the adopted model. The last column gives the total 

absorption coefficient Kx per atom of neutral Hydrogen in the continuum. 

TAHJJi III 


l’ic-m- - Waddell MAC) Model 


J*ogT 0 

T in degivos K 

J’« in x 10‘ 
clynes/cm 

P c in 10* 
(lyiu-s/ein 

K in v „ - u pur neutral 
hydrogen ntmn 




0.00 10 

0.1402 



■ IT* ; 7^ 


0.1537 





0- 1(116 



i wii in JH . 

- ; v-;- >Miti i 

0.1753 

-4.2 

5(575 

0 , 0275 

0-0039 

0.1934 

-4.0 

m r > 

0.0427 

0.0030 

0.2064 

—8.8 

5490 

0.0640 

0.0036 

0.2106 

-3,0 

530(1 

0.0977 

0.0035 

0.2208 

-3.4 

5230 

0.1413 

0-0037 

0.2593 

—3.2 

5140 

0.2130 

0.0040 

0-2988 

-3.0 

5050 

0.3107 

0-0045 

0.3642 

-2.8 

4955 

9.4305 

0-0054 

0.4708 

-2.0 

4870 

0.5957 

0.0062 

0.5803 

-2.4 

4790 

0.7943 

0.0072 

0.7316 

-2.2 

4720 

1.0720 

0.0087 

0-9407 

-2.0 

4000 

1.4130 

0.0108 

1.2139 

-1.8 

4090 

1.0520 

0.0132 

1 .4695 

-1.6 

4740 

2.3990 

0.0164 

1.7394 

-1.4 

4042 

2.9240 

0.0211 

2.0457 

— 1.2 

4970 

3.7760 

0.0288 

2.4031 

-1.0 

5141 

4.0870 

0.0404 

3.0148 

-0.8 

5339 

6.3 E 00 

0.0593 

3.7945 

--0.fi 

5575 

0.0540 

0.0944 

5.1547 

-0.4 

5805 

10-0000 

0.1660 

7.(502 8 

-0.2 

0130 

11,9900 

0-320(5 

12.0860 

-0.0 

0409 

13.9300 

0.6C22 

20-5280 


0050 

15.6700 

1.4660 

36.2100 

*0.4 

7302 

17.2200 

3.5240 

56.9560 

+8.6 

0005 

18-4500 

9.3760 

131.2600 


4— 3 DAOK/G8, 
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Kx - (tf).Pe+K x (H) (1) 

K>, (i-r) were taken from Gingcrich (1960) 

Kj. (H) and Kx (H) are the absorption coefficients due to H* and H respectively and Pc 
the electron pressure, 


hy X q -ypr. 

c / , kT > "FT £ e n kT 


K,(H)=-^(l-e Kl )e £ 


S I kT 


n 

n =3 


2XkT 


is evaluated for every level of the model. 

The emergent intensity in the continuum is given by 

✓a, 

I C (X,H) = JSy e 11 dl^/M- 
'0 

where S* is the source function 
Replacing S>. by Bx the Planck function, 

I c (x,^) = / B x e 11 dT./H 


with dT x = - x dT 0 , -fT dT 0 


t d being the optical depth at X — 5000°A 


■CO 


I C (X,P) = / B.e 


F K x 


K 0 M 


The integration is performed over log t 0 rather than t 0 . Numerical integration was per- 
formed using Gregory’s formula upto the first difference. It is seen from the expression for 
tx that to obtain tx at any level, it is necessary to integrate over all overlying layers. tX ‘s 
have, therefore, been calculated only for log t 0 — — 4.2 and downwards. 

Table IV gives the continuum intensities so calculated. 

TABLE IV 


Continuum Intensities, Jc(X)xlO'~ & . 

Wavelength t t~l.<M |I= 0 . GO ,45 [x -,0:jr> ! 

38C0A k i 2.037 1.861 1.399 1-340 1*139 6,0,15 ( 

4220A ' 2,403 2.193 1.892 1.603 1.381 0.134 1 

500QA° 3.030 2,799 2.43B 2.115 1.869 1.593 j 
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Line Intensity 

The emergent intensity in the line is given by 

0 A 

B^e^dt^/H (6) 

l >. the line optical depth is defined by 

dt x = (I +\)dT x /K x (7) 



| the line absorption coefficient at a distance jA from the line centre A 0 is expressed in 
| terms of the Doppler width aAd as 



a X one f s £BJ + -p 2 / 8) 
X c b M b t w 


J 5/ being the line of sight turbulence velocity; other symbols have their conventional 

■ meaning. The assumption of a Maxwellian distribution for turbulence is one of convention. 
;!■ Further this seems reasonable in so far as it provides a numerical estimate of turbulence 
\ velocity, for eddy sizes of the order of L; here L is the length of the line forming region. 

j f values adopted for GN, C 2 and CH were , 026, . 024 and . 005 respectively. For 

j GH the arbitrarily low value of .005 had to be chosen following Pecker and Praderie (I960) 
j because with fan =--=.06 (dc Jager and Ncven 1957) the absorption coefficients obtained 
| were high by a factor of 100. 

I 

t 

| The fraction of molecules capable of absorbing the frequency corresponding to the 

j line of interest, Nam 

j, 

N = ixp(AB) exp (-Bj J{J-|-1) he/kT (9) 

} AB L 


where 

p (AB) — Partial pressure of AB = — • 

1 7a (AB) — - Partition function 

, i — Strength factor depends on the coupling scheme 

Bj — rotational constant 
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TABLE V 

Relative Partial Pressures — ON, OH and C 2 


r '°R T 0 

Pcn/pb 

I’d I /pc 

I’O 

-5.0 

338. 3E— 1*1 

106 *0E — 12 

162.115— H 

—•‘1 .8 

500.7E-— 14 

170.2E — 12 

2-1 5. GK— 14 

-4.6 

915.5E— 14 

266.515 — 12 

437.715-14 

—4.4 

226.2E— 13 

481.812—12 

844.815— -14 

-4.2 

513.7E— 13 

880. IE — 12 

178*015- -!3 

-4-0 

102.4E — 12 

157.7E — 12 

314*215— -13 

-3.8 

206. 4E— 12 

273. IE— 11 

660- IE- 13 

~3.G 

•I40.3R — 12 

409.715—11 

132.715-12 

-3.4 

I03.3E — 1 1 

900. flE — 1 1 

208.215 -12 

-3 *2 

212. 0E— II 

158.215—10 

562.78- -12 

-3.0 

429.6E— II 

273.015—10 

I08.3I5-.-SI 

-2. 8 

03G.7E— 11 1 

446. IE— 10 

199.4B— 11 

-2.6 

I36.9E— 10 

7U.4E— 10 

305.015 • 11 

-2-4 

284.5E— 10 

110. 2K — 05) 

61 1 .OR 11 

-2.2 

505.615 — 10 

170.015—00 

I03.7P.--IU 

-2-0 

778.814— 10 

241.715-09 

155.58-- It! 

-1.8 

079.212 — 10 

311.115-09 

19b. HE --I0 

— 1*6 

102.9E — Of) 

362.915-09 

214.015-10 

— 1.4 

844.815— 10 

364.715-09 

1117,615 — 10 

-1.2 

66 J ,0E — 10 

368. 815-09 

159.61?-- 10 

-1-0 

478.9E— 10 

359,215—09 

127. 115— 1 1 

-0.8 

321 .912 — 10 

336.715—09 

950,515-11 

—0*6 

199*915—10 

301.815-09 

663.715 — 1 1 

-0.4 

129.915—10 

272.015-09 

479.215- 1 1 

-0.2 

676. 9 R— 11 

216.715- -09 

2H5.6B-1 1 

0.0 

339.515 — 11 

171. IE-09 

172.215 -12 

0*2 

180.915— 11 

I29.2E — 09 

986. 0E- -12 

0.4 

793.3E— 12 

901*115—10 

501 ,9H~«-lfl 

0.6 

309.415 — 12 

584.78—10 

230.915 • !2 



P(H = p (H) [(1-1-2 p(H)]/K(I-I 2 ) ) 

P(C) - p (Cl) [(l + p (H)]/K(GH)+p(0)/K(G0) ) 
P(N) = p (N) [(l + 2p(N)]/K (N,H-p(H)/K(NH) 
P (O) = P (O) [(l+p(G)]/K(GO)+p(H)/K(OH) 


„ _ . _ , 2irmkT 
and K ab - g A g B ( ^ — 


e kT ) e 




where fictitious pressures P (H), P (N), P (G) and P (O) are derived from a system of 
assumed abundances (Goldberg, Muller and Aller 1960) of these elements. The dissociat- 
ion potentials D 0 were taken from P.G. Wilkinson (1964). 
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y— 2 ,2 

_ /fT e f K_ P(ab ) i 
" m? A X 0 P<H> Z<AB> 


expf-BjJ J+l 


he 

kT 


, * *o 


(15) 


Turbulence 

Since the effective layer of molecular line formation is narrower than that of atomic 
lines, a depth independent anisotropic model was chosen. 



(16) 


is obtained by fitting the observed and calculated profile at i* ~~ 1.0 while £ 

was fixed by a fit at v- --- 0,25. 

The calculation of line contours for doublets or triplets were essentially the same 
except that for each level the absorption coeflicicnls of constituent lines were added, with 
the appropriate wavelength shift. IfAX s is the separation in wavelength between two lines 
at X , and X 2 then the total absorption coefficient cc^>. at ^jX from X! is given by 

*'aX =0 S exp[-(AX/AX 0 f] + <, exp [- ux + ax ,) 8 /a\ 8 0 ] 

(17) 

oc, and a 2 arc the absorption coefficients at the two line centres, This involves no approxi- 
mation; in all cases of molecular blending, the two lines have very close initial and final 
energy states. So the blending lines have identical conditions of excitation and the total line 
absorption coefficient at any wavelength is the sum of all the absorption coefficients at that 
wavelength 


It is important to note that A x i is not measured from the central wavelength of the blend, but 
from the centre of one of the constituent lines. With an IBM 1620 Computer calculation of 
a single residual intensity took 225 seconds for a singlet and 290 seconds for a doublet. 


Calculations and Comparison with observations 

Trends in observed centre— limb variations emphasise that these variations are very 
similar for strong lines on the one hand and weak lines on the other, irrespective of the mole- 
cule of their origin. So computations were performed for a restricted set of lines, so that 
characteristic features of the observed variations could be studied. The GN lines of 3864A, 
and 4207A, C 2 lines of 5094A and 5147A and GH lines of 4210A and 4281 A were selected 
for extensive computation. 

Each of these lines is a spin doublet except 5094.029A of G 2 which is a triplet. The 
hyperfme structure of atomic lines widens the line considerably and simulates the effect of 
turbulence. Therefore, fine structure due to spin doubling has to be properly accounted for 
in order to arrive at the correct values for 
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The construction of an unresolved doublet profile to which the correct turbulent velo* 
city must be fitted is complicated. The contour is very sensitive to the separation between 
the lines and a very small change in this separation changes the profile considerably, Prelimi- 
nary calculations also indicated that the use of the rigorous ' doublet approach is neces- 
sary for separations larger than about 25mA. Also the relative intensities of the two com- 
ponent lines is very important in reproducing exactly the asymmetries observed and the loca- 
tion of the central wavelength. 

Published data on separations for spin doubling are probably accurate upto 10mA 
corresponding to 0.75 km/sec at 4000A. Also the smallest resolvable separation in wave- 
length is 15mA. Therefore, a spin doublet of separation of 15mA or lesspnay be treated as a 
coincident doublet with the absorption coefficients of the two lines added, without any 
wavelength shift. 

The 3864.307a line of ON has a spin separation of less than 15mA., £ rBll was 
first calculated by choosing the appropriate numerical fitting factor F, to match the 
observed central intensity. F would generally give a measures of the uncertainties in the 
transition probabilities. The value of | rad was then adjusted to give the best fit for the 
entire profile. The adjusted value of £ rad = 3 km/sec. 

With this 4ad and F, the observed half width at p, » 0.25 was matched by 
adjusting £ (nn , A good overall fit was difficult to obtain, because if the half width were 
exactly matched the central intensities were too low. £ wn giving the correct central inten- 
sity at p=s0.25 was improbably large and gave very broad profiles. In order to fix there- 
fore, the observed G-L variations of the profile over the disc, had to be considered. The 
optimum value of £, nn giving the observed trends was 3.6 km/sec (Fig.3). When the 
numerical fitting factor F was changed to fit the central intensity at every p, and ? fot i 
km/sec and —3.6 km/sec were used in computing profiles, the theoretical profiles 
matched the observed ones remarkably well. A plot of Fp versus (X is a straight line 
with F i.oo^Fo.sj This is a surprising result in as much as F was expected to characterise 
uncertainties in physical constants. This also indicates that a change in the assumed 
turbulence velocity field will not improve the agreement significantly and in fact the values 
derived for £ lnn and ? rftd above are certainly the appropriate ones. 

4207.409 of GN and 5094.029a of C 2 were chosen for detailed multiple! 
calculations as these seemed to have the most reliable separations available in literature. 
For the first line, wavelengths of the constituent lines were measured by Heurlingcr 
(1918)*'. 


Detailed calculations showed that this separation of of 69mA could not reproduce 
the observed profile exactly, for any value of $ ra( i at the centre of the disc. Further calcula- 
tions showed that with this separation, the best overall match was obtained with % ia j —3 
km/sec. So, to improve the agreement, the only other alternative was to change the value 
of the separation. For a A, = 60mA the fit at the centre of the disc is very good. That a 
decrese of 10mA in improves the fit to such a large extent, emphasizes the need for 
knowing these separations very accurately. 

As in the case of 3864.307a of GN the fit at (x = 0.35 could not be made exactly 
and £iwi, = 3.6 km/sec provided the best over-all agreement from centre to limb, 

The 5094,029a line- of C 2 consists of a triplet of the P branch J — 62. P 2 (62) and 
P 3 (62) are coincident for all practical purposes and (62) is 93 mA away at 5094, 095A 


* I am indebted to Mrs. Moore*Sittcfly for loaning a copy of fleurlihgerV results from his Lund thesis. 
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Detailed calculations of doublets showed that: 

(1) the half width and shape of a profile is fixed by a unique combination of a^ 5 
L,/ and 

(2) the actual value of AK i is very critical in exactly reproducing the observed 
profile, if aX 1S the same order of magnitute as a^d ^ 50mA. 

(3) a^ ^ 20mA leads to a situation where turbulence broadening dominates and 
the line may be treated as single. 

(4) For A^i> 80mA, doublet calculations correctly reproduce, the asymmetries in 
the wing and the half widths are not affected. 

Considering the fact that spin separations are so ill known, time consuming 
doublet calculations on a medium speed computer were not justified. The rest of the 
selected profile were calculated as singlets. As a tic-in with the doublet calculations, 
and Cad were rc-dctcrmined for 4207 CN and 5094 A C 2 , treating them as single lines, 
ktn/scc and 5 km/scc were obtained for the best fils. This incidentally shows 

that the ratio of has remained more or less the same in both cases giving an anisotro- 

py factor of 1 .2. This is an indication of the reality of the existence of anisotropy in the 
transition region between the photosphere and the chromosphere. 

The same set of turbulence velocities were used in obtaining fits for the lines 
421 0A of GH, 4281 A CH, and 5 147 A of C 2 . The results are given in Fig. 4b, Fig. 5a, and 
Fig. 5b. 



60 


0 
m A 

Fig. 4(b). Observed and calculated profile on the singlet assumption. 


























\ 1 

The computed profiles for positions other than the centra « ' v 

than observed ones. Although the trends of C-L variation of central t bro * der and deeper 
they are by no means identical (Pig. 6). al densities are similar, 



0 5b >3. 



4207A 


" a --. 42 t 0A .0 




36 S 4 A f 

3* f 


^5094 A 

5.1 4 7 A 

''q 


o*' 


0-25 


I'jg. (j. Variation of central intensities with (/. observed- 


-continuous curve; calculated-dashed curve. 
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DISCUSSION 

The results presented so far draw attention to three {acts, First of all the calcula- 
tions for lines 3864a GN, 4207a CN and 5094a G 2 establish that Ew/=3 lem/sec. The 
value 3 . 6 km/scc for is less ccrLain, although it represents the C-L variation ol the 
profiles best. 

The second result of interest is that, calculations based on the singlet assumption 
lead to higher values for but the same value of 4 km/scc and 5. 1 km/scc for E , ad ancl 
Ei m seems to fit all the observations uniformly well, in spite of the fact that the separa- 
tions (which arc not known) arc certainly not the same. In order to understand this 
result, it is necessary to recall that although the value of is very critical in achieving 
an exact lit with the observed profile, for any given AXi 15 mA of the true one 
unique value of gives the best over-all fit. This is borne out by the fiict that both 4207 A 
GN (a X, = 60mA) and 5094a C 2 (a A, — 93mA) give best fits for Ew =4.0 km/scc and 
= 5.1 km/sec. It must however be pointed out that these conclusions are strictly valid 
for doublet lines whose intensities are almost the same, as is true for molecular spin 
doublets of high J. These conclusions arc not valid for atomic hyperfine structure where 
there is a wide range of intensities for the component lines. 

The fact that a change in F for different p positions results in reproducing the 
observed profile almost exactly is striking. Of course changing F with \i removes the 
one physical restriction imposed on comparing a set of theoretical profiles with the 
observed profile. But in fitting profile shapes rather than equivalent widths, changing 
F with p, does not make the matching calculations entirely arbitrary. On the other hand 
such a systematic variation of F with ul may very well have some physical significance. 

The only plausible factor that could cause the variation in F, must arise from 
variations in partial pressures of the molecules. Since all three molecules are similarly 
aflcctccl, the amount of free carbon available for the formation of C 2> GN and CH must be 
a parameter affecting the G-L observations. This leads us to question the assumption that 
T 'tismmtio,, sa Te. Newkirk (1957) has reached the interesting conclusion that dc Jager’s (1952) 
model with hyper dissociation Tel ^ Te explains the C-L variation of GO lines as well as 
do the Allcr-Picrcc or the Minnacrl models. The explanation of the C.O observations on 
the basis ofTd ^ Te is important in as much as a similar treatment of C 2 , GN and CH 
might provide a unified explanation for all the four molecules. GO with its high 
dissociation potential and high concentration at the very highest layers of the Sun is capable 
of depleting the free carbon supply considerably and, therefore, affect the partial pressures 
of the other carbon constituent molecules very significantly. The variation of F p. lias most 
probably a bearing on this question. 

SUMMARY AND CONCLUSIONS 

By carrying out detailed line profile calculations for selected molecular lines of 
GN, GH and C 2 on the basis of LTE and an anisotropic model of turbulence the radial 
turbulence velocity is established to be 3.0 km/sec. A tangential turbulence velocity of 
3.6 km/sec provides the best description of the G-L variation of the profiles. These values 
pertain to the region t 0 = . 04 to t o ~ 0. 1 of the solar atmosphere. 

It has been shown that if the separation due to spin doubling is neglected the 
velocities derived are too high. This increase, however, is independent of the separation 
A^j as long as the two blending lines are of comparable intensity and is of the order 
of A^d, the doppler width. Singlet calculations of {•„«/ and based on this conclusion 
provide additional confirmation in the values 3 . 0 km/sec and 3 . 6 km/sec respectively. 
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A very interesting variation of the fitting factor F with \i is observed. There is 
striking similarity of these variations from line to line. Although no quantitative confirma- 
tion is available, it is suggested that the explanation of this variation ought to be associated 
with the inequality T Ai , tKi0(itn # T, . 

Excellent matching obtained at the centre of the disc between observed and 
computed profiles prove that the assumption Sx=Bx for the molecular carbon lines is 
certainly adequate, a fact that is also borne out by consistent values of T rotftt i onri i obtained 
for these molecules. Regarding the treatment of dissociation equilibrium, however, the 
implicit assumption of LTE is questionable. Further work is planned for examining this 
question quantitatively, ft is hoped that this would throw further light in explaining the 
C-L observations of the carbon molecules. 

It is a pleasure to thank Dr. M. K. V. Bappu for his constant interest and encoura- 
gement. Extensive help rendered on many aspects of the problem by Dr. A. Bhatnagar is 
gratefully acknowledged. The research was carried out during the tenure of a Senior 
Research Scholarship of the Ministry of Education, Government of India, tenable at the 
ICodaikanal Observatory. 
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Abstract 

i The effects of a solar wind on the different parts a comet arc discussed in terms of the 

observations obtained of Comet Tkcyu-Seki (19650* The solar wind contribution to the formation 
I :)‘ of the scattering agencies in the cbmotary nucleus rs shown to bo negligible. Isophotes of the coma 
in the light of the CN (0,0) emission band and Na 5893 X derived from slitless spectra are presen- 
V : ted. The heliocentric distance of the termination point of Na omission is shown to be dependent 
on the varying nature of the interplanetary medium properties at different phases of the solar 
cycle. 


It has been recognised from some time (Biermann 1951) that the plasma 
j tails of comets are influenced by solar corpuscular radiation and that comets can 
i be effective space probes for an evaluation of the properties of the interplanetary 
medium. Indeed, it has been the stimulation by such efforts that has led to the 
1 detection of the “solar wind** and its associated properties. That the differing 
aspects of .cometary radiation arc solar stimulated is obvious, though the agencies 
1 responsible may have different contributions to the emission and continuous 
spectra observed. 


| While nearly three hundred comets have been observed in the six and a half 
I decades of the twenti eth century, for very few among these have we reliable physical 
i observations, that have contributed towards a better understanding of cometary 
' physics. Observational difficulties are the prime cause and much of our informa- 
} tion originates from the few bright comets that have perihelion passages that make 
i them favourable for observation. 


^ Comet Ikeya-Seki is one such object that has provided much new informa- 

f tion. Its exceedingly short perihelion clistancc took it through the outer regions 
| of the solar corona- and the rather dramatic outcome of the close encounter made 
it one of the most spectacular comets ever seen. Its appearance at the minimum 
phase of the solar cycle provided a good opportunity for the assessment ol the 
(?; threshold characteristics of the interplanetary medium necessary for the well known 
I features of cometary radiation. 


»We have, at Kodaikanal, observed the polarization of the emission bands 
and continuum (Bappu ei ah, 1967a), measured the flux of the CN and u “r 
bands (Bappu and Sivaraman 1967c) and obtained both slit and sinless specira 
of the coma and tail (Bappu and Sivaraman 1967b). The energy oimoi n m 

the continuum lias been determined by comparison with 0 Crt, HD 27°^ Tkeva- 
28291, which have well determined energy curves. The coma of h qqv 

Seki has an energy distribution that simulates the distribution of ry P , 

star. The polarization of the continuum measured at 5875 a cor^esp 
value of 17*9 per cent at a phase angle of 90° . The corresponding value ior ua 
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is 24.7 per cent. The value of polarization in the tail 3' away from the cometary 
nucleus is J 3.6 per cent at 5550a. The polarization values in the tail can be explain- 
ed if we assume that Fe particles of diameter 0.6 p arc the principal agencies for 
continuum scattering. We believe, that the continuous spectrum of the head is 
caused by single scattering predominantly by ice spheres and ice spheres with 
metallic particles imbedded in them. These particles cause the increase reddening 
that simulates a GBV spectrum energy distribution instead of that of a G2V star. 
Also, the magnitude and sign of polarization lead us to explain the scattering agen- 
cies as those described above. 

An earlier measurement of polarization and reddening in the spectacular 
comets of 1957, comets Arend-Roland and Mrkos (Bappu and Sinvhal 1960) 
and of polarization in the tail (Johnson I960) of Comet Arend-Roland yielded 
values similar to those we have obtained for Comet Jkeya-Seki. It is interesting 
to note that despite the differences in the experiences of all three comets when they 
approached the solar vicinity, by and large the particle sizes that give rise to the 
continuum arc more or less the same. It appears that the efflux of icy and metallic 
particles from the conglomerate that forms the nucleus is controlled more by the 
rate of evaporation and evaporation-stimulated fragmentation as a function of 
corpuscular radiation which may be essentially a second order effect. 

A measure of the cometary flux in the emission bands would be useful in 
evaluating the role of 1 the solar wind in producing the comet plasma. We have 
from the flux measures of the coma in the light of the C 2 (1,0) and CN (0,0) bands, 
made an effort to calculate the number of molecules of each constituent that fluore- 
sce by sunlight and which are contained in, a cylinder of diameter 121300 km., 
centered on the cometary nucleus. These work out to 1.554x10® molecules for 
CN and 1.840 x 10 30 molecules for the C 2 (1,0) bands. An “abundance” ratio 
for C 2 /CN is thus 1 1.84 which may be compared with the value of 9.0 for Comet 
Ikeya (1964f) (Kovar and Kovar 1965). We have very little data of this kind to 
enable us to draw conclusions of real abundance differences between comets of 
different ages. 

Abundance ratios of 'the kind derived above for cometary heliocentric dist- 
ances of 1.0 A.U. would show up differences if solar wind contributions at different 
times are a strong controlling factor on the dissociation of parent molecules from 
which CN and C 2 originate. We choose the value of r— 1.0 A.U. as a convenient 
heliocentric distance for cometary observations to be possible, and where excitation 
in the coma would be near optimum. 

The apparent shape of the coma is one possible means of estimating the velo- 
cities of ejection of the molecules and their mean life limes. These shapes can 
be derived from isophotes using the techniques of photographic photometry. 
We have in figures 1 and 2, indicated the isophote structure of the CN (0,0) coma 
and sodium coma of Comet Ikeya-Seki oil October 29.9. These isophotes are 
derived from slitless spectrograms obtained at a dispersion of 250a /mm in the 
yellow and 125a /mm in the blue-violet regions. The image scale in the spectro- 
graph camera focal plane was 757mm. The exposures, were of the order of a 
minute in order to keep fogging by moonlight to a minimum. , While the isophotes 
do not extend to very large distances from the centre they nevertheless show up the 
nature of the equal intensity contours closer to the nucleus. In particular the 
isophotes of the Na-coma are of considerable interest, since we are not aware of 
any instance in the past where it has been possible to present such a system of 
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The tail is westward of the Sun. 
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16.0 
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28.1 
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14.9 

4 

24.8 


9 ' 

12,6 • 

5 

22.3 


10 

11.6 


isophotes. The most striking feature is the flattening of the contours in the 
direction of the sun, caused by the high f-value of the Na-atoms. These sunward 
contours are further affected by the differing radial velocity components for those 
Na-atoms ejected at an angle to the line of sight, This is so, since, the solar D-line 
absorption is wide and the velocity effects in the coma can, by virtue of the wide 
line-contour of the solar D-lines, simulate a varying excitation source. 
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On the tailward side the Na tail emanating from the coma is obvious. 
However, the contours indicate a slight bulge in the direction of the radius vector 
that points almost west, with a more intense portion of the tail twenty degrees away. 
A visual examination of the spectrum indicates that both “tails” are part of the 
same tail starting off in the direction of the radius vector. An apparent shadowing 
in the centre makes the single tail look double near its source. The effect, however, 
is marginal. 


The CN coma, is very much more circular than Na. The contours on the 
sunward side are very slightly flattened. The contours follow the 1/R trend of 
intensity variation along the radius vector. The isophotes are narrower on the 
tailward side which may be an indication of the existence of a dispersion in ejection 
velocities. 


The behaviour of Na emission in coma and tail of Comet Ikcya-Seki has 
been specially noteworthy. We have slit spectra of the cometary head obtained on 
October 30.985 and November 3.975 when the heliocentric distances of the comet 
were 0.497 A.U. and 0.626 A.U. respectively. The D-line is the strongest feature 
in the spectrum of October 30.985 while it is non-existent in the spectrum of Nov- 
ember 3.975. Prismatic camera exposures on November 2.967 and November 
3.971 (Bappu and Sivaraman 1967b) fail'to show theNa emission that was a striking 
characteristic of earlier days. Hence, the Na emission in the coma ceased to exist 
when the comet was at a heliocentric distance of only 0.593 A.U. Na emission in 
comets have commonly been observed in cometary spectra when their helio- 
centric distances were less than 0.8 A.U. In some cases, Comet Mrkos (1957d) 
for example, sodium emission was seen even at a heliocentric distance of 1.1 A.U. 
This difference in nature of sodium excitation can probably be accounted for in. 
terms of the general effects of solar activity. A more energetic solar wind near 
solar maximum makes the Na display of a comet more striking than it can be at a 
minimum level of solar activity. 


There arc very few instances in the literature of systematic observations of 
Na emission in comets. However, about a dozen cases are available which indi- 
cate the validity of our conjecture, viz., the Na emission display is seen to greater 
heliocentric distances near solar maximum than at solar minimum. This character- 
istic also seems to manifest itself in the excitation of the Na tail. Comet Mrkos 
(1957d) had a sodium tail of 5° extent (Bigay at al. t 1957) when the dust tail was 
about 14°. Comet Ikeya-Seki (I965f) had a dust (ail of nearly 20° with only a 2° 
Na tail which we have observed on prismatic spectra of October 29, 30 and 31. 

We believe that such a behaviour indicates the appreciable role of solar 
corpuscular radiation since polarization measures (Bappu and Sinvhal i960) show 
convincingly that resonance fluorescence by sunlight causes the Na emission % in 
the coma. The solar wind perhaps enables the release of the Na atoms from the 
parent molecules by the ionization processes effective in producing the cometary 
plasma. 


Kodaticanal Observatory 
January 1969 


i 
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Solar Limb Gradient from Eclipse Spectra of 
February 15, 1961 

*Aleksandar Kubiccla 
Abstract 

On the occasion of the total solar eclipsed February 15, 1961 two spectrograms were 
obtained at the moments of second and third contact of the eclipse. The spectrograms contain a 
smooth transition of the photospheric: spectrum into the chromospheric one and vice versa. Conti- 
nual registration has been achieved by means of a moving plate combined vvith a slit spectrograph. 
The method adopted, and a description of the spectrograph and the chromospheric spctrophotometiic 
results obtained have been published (Kubicela, 1906). In this study the 19G1 eclipse data haves 
been used to find the intensity of solar continuum radiation dependent on heliocentric heights 
within the last second of apparent solar radius. 

The observational material 

For this purpose the spectogram of the second contact has been chosen 
which is photometrically superior as was estimated from the analysis of the 
chromospheric spectrum. Because of lower speed of the photoplate, this 
spectogram covers better the low intensity domain about the sensitivity threshold 
of the photoemulsion. 

The spectogram contains a well defined, 30QA wide, region of the spectrum 
about the I~Iy line. The dispersion of the original negative is 12A/mm. The 
scale in the direction perpendicular to the dispersion is such that 1 mm on the 
plate corresponds to 313 km on the sun in the radial direction. 

The photometric calibration enables one to obtain monochromatic inten- 
sities in arbitrary units. The transformation into intensity values expressed in 
terms of intensity of (he center of the solar disc has been realised indirectly. 

The measured continuum wavelengths have been chosen satisfying the 
following conditions: 1) Microphotometric measurements on the spectrogram 
have to be made without interference with neighbouring spectral lines. The used 
portion of the continuum also has to be as free of absorption lines as possible in 
a high resolution spectrum, (Minnacrt ct al 1940). This was done with the aid 
of the Utrecht Atlas. 2) The same wavelength intervals have to be free of chro- 
mospheric emission lines. The list of Mitchell (1947) aided such an examination. 

In this way five wavelengths have been finally chosen. These are centered 
at Xi-"4215A, * 2 =4316A, X a =433GA, >,=-441 3 A, and X,«4477A, 

Besides the already mentioned spectrograms there are 6 calibration spectra, 
obtained by a step slit fitted on after the eclipse to the same spectrograph and 
spectra taken in a similar way with different exposures, from 0 s . 05 to I s . 30. 
They were used in evaluating the calibration curve and the Schwarzschild 
exponent. In both cases previously obtained values (Kubiccla 1968) have been 
confirmed. 


•On lenvfl from Astronomical Observatory in Nrlgrade, Yugoslavia, 
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Evaluation of the intensities 

The second contact spectrogram and the calibration spectra were measured 
by the recording microphotometer of Kodaikanal Observatory. With a nearly 
square slit, 1 mm on each side, that corresponds to 0.5A in the spectrum and 
12.5 km height in the solar atmosphere for each of live wavelengths, two photo- 
metric scans have been traced in a direction perpendicular to the dispersion. 

Before reduction to intensities, the photometric scans were smoothed to 
avoid fluctuations caused by running shadows prior to second contact. Along 
these smoothed profiles about 30 points, at 25 km intervals on the sun, have been 
measured. 

In spite of somewhat larger errors which could be expected in the process 
of numerical differentiation, small intervals between neighbouring measured 
points were used in order to obtain better coverage of the intensity curve at the 
extreme solar limb. We minimize the scatter in the measured intensity values by 
scanning two independent profiles at each wavelength and taking a mean value 
of five intensity curves from the different wavelengths. 

According to the procedure described earlier (ICubicela 1960) application 
of the calibration curve to photometric profiles gives observed intensities in arbi- 
trary units. Afterwards, they have to be multiplied by the following factor 


Here s is the length on the plate from the measured point to the point where the 
extrapolated photographic density vanishes. Schwarzschild’s exponent, p, was 
0.70. The quantity s is proportional to the exposure time of the observed point 
of the photoplate, Thus, the denominator at the left side of the equation (1) 
represents the Schwarzschild correction. In this way the observed intensites 
along any of the photometric profiles have been related to a unit of time. At the 
same time, the quantity s is proportional to the interval of heights in the solar 
atmosphere which, at the observed instant, hacl not yet been occulted by the moon. 
The corrected intensities can be considered as intensities related to a unit of length 
along the solar radius. Then, the numerator of the left member of (1) converts 
these intensities into the integrated ones within the corresponding interval of the 
solar radius, . 

At this stage of the photometric procedure, it was found that it would be 
useful to have an independent control quantity to check the photometric transfor- 
mations and especially the application of Schwarzschilcfs law. The 1961 observa- 
tion does not have any control of this kind. However, in Appendix I such a pro- 
cedure has been briefly proposed. 

Further, the integrated intensities obtained from two photometric profiles 
have been separately averaged at each wavelength. The transformation to 
intensity distribution along the apparent solar radius, iX (h), has been achieved by 
numerical differentiation, Due to small intervals between neighbouring measured 
points it was possible to use only the first differences of the integrated intensities.. .. 

In order to obtain a final mean value, the quantities i Xj (h). . .i X 5 (h) were 
multiplied with coefficients 3.155, 2.133, 1.560, 1.146 and 1.000 respectively. 

They were derived by satisfying the condition that all five curves i Xi(h), after 
some distance from the limb, have the same level in arbitrary intensity units. 
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In this way wc normalize the five curves on to one system to eliminate variation 
caused by instrumental sensitivity at the different wavelengths. 

The results 

These “normalized intensities”, IX, are presented in Table 1. It contains, 
IX (columns 2 to 6), their mean values I in in the same arbitrary units (column 7), 
natural logarithms of intensities I, M (column 8), I m expressed in per ' cent of the 
central intensity of the solar disc (column 9) and corresponding heights in the solar 
atmosphere in km (column 10). 


Table I 


No. 

14215 

1*1-3 1<» 

1 1330 

1 * 1 4 f 3 

I ‘111 7 

Im 

Iidm 

hn (%) 

li(lcm) 

1 

2 

3 

4 

5 

0 

7 

a 

9 


10 

1 

4.3 

2.1 

0. 1 

4.0 

1.4 

3.0 

1 .283 

1 .3 


1-250 

2 

0.1 

3.3 

8.2 

4.9 

2.0 

5.0 

1.611 

1 .8 


1-225 

3 

0.3 

0.1 

5.8 

0.5 

3.8 

5-7 

1 . 741 

2.0 


1-200 

4 

12.1 

0.7 

9.2 

8.2 

4.2 

8.1 

2.094 

2.8 


-175 

5 

0.0 

8.0 

10,9 

9.4 

0.1 

8.2 

2.105 

2.9 


1-150 

6 

12.9 

9.5 

13.4 

11.3 

0.7 

10.8 

2 . 380 

3.8 


-125 

7 

12. 0 

10. 0 

10.0 

3 5.2 

9.1 

12.5 

2.525 

4.4 

- 

1-100 

8 

14.8 

14.0 

19 . a 

10.5 

13.2 

15.7 

2 . 753 

5.6 


1- 75 

9 

21.8 

19.0 

23.0 

16.5 

15.2 

■ 19.2 

2.900 

6.8 


- 50 

10 

22 . 7 

19.9 

22 . a 

23.3 

12.8 

20.3 

3.015 

7.2 

_ 

- 25 

11 

24.0 

20.0 

23.7 

25,2 

17.7 

23.4 

3 . 152 

8.3 


0 

12 

29.3 

20.5 

28 . a 

26.3 

21.2 

26.4 

3.278 

9.4 


- 25 

13 

32.5 

35.8 

34.0 

30.9 

22.8 

31.2 

3.443 

11.1 

— 

- 50 

14 

35.6 

32.8 

32.1 

28.7 

24.4 

30.7 

3.430 

10.9 

— 

- 75 

15 

38.5 

35.8 

34.2 

32.1 

27.7 

33.7 

3.518 

12.0 

— 

-100 

16 

42.0 

31.2 

32.1 

31.7 

31.0 

33.7 

3.518 

12.0 


-125 

17 

34.7 

39.0 

44 . a 

29.8 

30.4 

35.7 

3.578 

12.7 


-150 

18 

47.2 

42 . 1 

44 . a 

28.7 

33.1 

39.2 

3.675 

13.9 

— 

-175 

19 

47.0 

40.8 

44.0 

32.1 

30.9 

41.5 

3.729 

14.7 

—’200 

20 

37.8 

42.1 

38.4 

38.8 

39.2 

39.3 

3.678 

14.0 

— 

-225 

21 

41.0 

35.8 

53.3 

42.2 

38.4 

42.1 

3.743 

15.0 

—250 

22 

41.0 

48.3 

39.3 

45.7 

45.3 

44.0 

3.790 

15.0 

-’275 

23 

41.0 

49.9 

41.3 

51.5 

44 . G 

45.7 

3.820 

16.2 

_ 

-300 

24 

44.2 

44.4 

47.0 

45.7 

50.4 

46.3 

3.840 

16.4 

— 

-325 

25 

47.2 

48.3 

51.5 

45.9 

43.7 

47.3 

3.860 

16.8 


-350 

26 

50.8 

43.7 

50.5 

44.7 

43.0 

40.5 

3 . 8-13 

16.5 

— 

-375 

27 

47 , 2 

48,0 

44.2 

48 . 1 

40.2 

45.5 

3.822 

16.2 

— 

-400 

20 

47.2 

49.9 

40 . G 


43 A 

44.8 

3.810 

15.9 

— 

-425 

29 
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45.5 

52.0 

3.968 

18.5 

— 

-450 

30 
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41 .6 

40.0 

3.835 

10.3 

— 

-475 

31 

47.0 




45.4 

46.5 

3.843 

10.5 

—■ 

-500 

32 

50.5 





50.5 

3.930 

17.9 

— 

-525 


The intensities I,„ have also been shown in figure 1 by open circles, and 
the curve drawn through them as a heavy line. The abscissa contains the heights 
of column 10 of Table I, with the origin directly below the inflection- point of the 
intensity curve. The intensity scale on the left of the diagram is expressed in arbi- 
trary units, and the one on die right expresses the intensity in per cent of the 
central intensity of the solar disc. In a typical eclipse observation, it is very diffi- 
cult to establish the relation between these two scales. An usual method is the 
extrapolation of observations outside an eclipse (usually on a reliable intensity scale) 
to a region as close to the solar limb as possible. The same procedure has been 
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Figure I 

adopted here, . The intensity curve (2) given by Pierce and Wadell (1961) w; 
used. Hence 

I (0, 0) = aX + bX|A + c), [l— |U, (1 + |T'] 

Here |x~cos 0, where 0 is the angle between the direction towards the observer ar 
the radial direction at the observed point. The coefficients a X, b X, c X are tabul 
ted by Pierce and Wadell. We have in the present study interpolated these for 
value of X—4350A. Equation (2) satisfies the observations with high accura< 
within the interval 0.2^p^ 1.0. We have extrapolated it until p~-0. 00 
This extrapolated curve of Pierce and Wadell to small values of p is shown 
Figure 1 by the dashed curve. 


EBB? 
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In figure 2, the natural logarithms of the intensity l m , for h> 0, arc shown. 
It can be seen that the curve, within the interval of positive heights satisfies 
the exponential expression 

I-L c- Y h ...(3) 

where the gradient y — 7.4 x 10 -n enr 1 , Its reciprocal, the scale height, H is 
13.6 km. The limb intensity I„, amuonts to 8.4 per cent of the intensity at the center 
of the solar disc. 

With a rather high value of the scale height this observation joins some other 
similar observations (e.g. Lindblad and Kristcnson, 1963). On the other hand, 
the theoretical values of H, under the assumption of hydrostatic equilibrium and 
temperature of about 4500°, arc systematically lower : H---54 km (Mjnnacrt, 
1963) and H— 84 km (Pagcl, 1967). This discrepancy is, so far, unexplained. 
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APPENDIX I 

The Control Photometric Field on a Moving Plate 

It ia useful to have a good control of photometric reductions when a moving 
photographic plate is used as the radiation receiver in an eclipse observation. In 
order to secure such a control, the following procedure can be used. 

The region ABCD of a moving photoplate, P, Figure 1, is illuminated by an 
artificial light source. The field ABCD does not move with the plate. The illu- 
mination is uniform, it lasts for some time during which time it is constant, but 



starts and ends abruptly. The wavelengths of the radiation in the field are jdentir 
cal or similar to the wavelengths in the spectrum which are observed in the EFGH 


|ws**!Wi 
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regions of the plate. The length of the control held, d=A13, is somewhat bigger 
than the total length, ef, described by the plate during the movement. The inten- 
sity of light is such that the photographic density in the field ABCD nearly equals 
the expected density in the observed spectrum. 

The desired illumination can be realized by a light source and an immov- 
able mask with a window (of shape ABCD) immediately in front of the plate, or 
by a suitable projector inside the camera of the spectrograph. 

The process is the following. The illumination of the hied ABCD begins at 
the instant ti after the plate lias started moving and ends at the instant U -P At before 
the plate stops. In this way the plate is exposed to the radiation from the control 
filed in the region A‘BCD\ The distribution of the photographic density along 
the line T — II in Figure 1, is such that, after the correct application of the calibra- 
tion curve and the Schwarzschild’s law, the photometric profile must be like 
A’A 2 B 2 B shown in Figure 2. Here the abscissa contains the lengths, 1, in the direc- 



dtt| + At) 

<- > 


tion ot the movement ol the plate. The ordinate represents the total radiant 
energy, K, that a surface element of the plate receives during the exposure interval 
between t„ and T , -P At. a, is the distance covered by the plate within the interval 
At, and d (t,) and d (t,T At) arc the first and the last illuminated positions respec- 
tively of the field. 1 ' 

The energy E depends on the illumination, e, of the plate (the radiation 
energy received m a unit of time by a surface element of the plate in a given Wave- 
length interval and of a given solid angle) according to ' T . ■. i '■ 
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edt. 


T, 



The limits of the integral (1), T, and T a , are the moments of the beginning and of 
the end of illumination of the observed element on the photographic plate. 
Because of constant illumination, E depends on time only through these limits. 


Within the three sections of the profile in Figure 2, the limits of the integral 
(1) have the following values: 


On the section A'A 2 

: T,=t 

3 2 — ~h T t 

(2) 

On the section A 2 B 2 

: T,=t, 

T a =li+l 

(3) 

On the section B 2 B 

: T,-t, 

Ta=-t. 

(4) 


Here t is time connected with distances, 1, on the plate by the equation of 
movement 

/=v.t + const. (5) 

where v is the constant speed of the plate with respect to the non-moving illumi- 
nated filed. 


From (1) and (2), and from (I) and (4), it can be seen that E is a linear 
function of time, and because of (5) it also depends linearly on i The sections A'A 2 
and B" 2 ¥ of the photometric profile are straight lines with the slope that reverses the 
sign when the variable moves from the lower to the upper limit of the integral (1). 
As both limits in (3) are constant, from (1) we find E~consL— F mn)t ; the section 
A 2 B 2 in figure 3 is a straight line parallel to the abscissa. 

The photometric control consists in compaiison of the observed profile I-II, 
Figure 1, witli the shape in Figure 2. The degree of agreement of corresponding 
sections of the observed profile with straight lilies from Figure 2 is the measure of the 
attained accuracy in photometric transformations. 

In practice, the small sections A 'A, and BB| of the profile in Figure 2 will be 
lost. It is a necessary consequence of the existence of the sensitivity threshold of a 
photocmulsion, but it docs not prevent the application of the described procedure. 

In the case of a sufficiently long spectrograph slit, where the length of its pro- 
jection, d', in the plane of the photoplate satisfies the condition d' AB + EF : alter- 
natively, the photometric field can be realized by uniform illumination of a section 
of the slit itself. At the first instant this radiation forms a spectrum in the IJKL 
region of the plate. During the movement of the plate, on the surface TJKL' a 
picture with photometric profiles analogous with the profile I-II, is being built. It 
is evident that such a photometric field can be analysed in each wavelength sepa- 
rately. 
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A Doppler Comparator for Solar Spectra 
*Aleksandar Kubicela and IC. R. Sivaraman 


Introduction 


There are many programmes presently rimning at the Solar Tower of the Observatory 
to determine tlie local Doppler displacements using lines or different mean depths of formation 
These studies also cover observations of velocity fields associated with super-granular cells as well as 
those of the quasi-periodic vertical oscillations m the photosphero. The necessity to evaluate these 
velocity fields from, a huge mass of data or spectrograms lead us to design and construct a Doppler 
comparator. In this device the light llux from both the wings of a spectral line are directed to 
two Light Dependent Resistances (LDR) through a system of two slits with their centres located 
at ±A on the line profile. Determination of Doppler displacement at any location on the line 
consists in equalising the D.G output signals of the two LDRs, by setting the two slits with a micro- 
meter screw so lha t the line is centred on (hem and reading this displacement on the micrometer 
scale. The spectral line is scanned manually along its length and Doppler displacements are 
obtained at discrete points at the choice of the observer. 


Optical Scheme 


The Zeiss spectrum projector forms a sharp image of the spectrum S, magni- 
fied 18 times. This image is formed immediately behind the collimating lens G 
(Figure 1) in the plane of the system of two slits G. After passing through the 
slits and a field lens F, the beam is reflected by the two silvered faces of a right 
angle prism P and directed towards line shifters L| and L 2> diffusers D, and D 2 and 
light dependent resistors LDR t and LDR,^ The light-tight box B containing the 
optical elements beginning with double slit plate G, can be displaced in measurable 
amounts with a ITilger micrometer screw W, together with its nut IN. The axis of 
the screw is parallel to the direction of dispersion of the magnified spectral image. 
The screw has a base support having no motion relative to the projector. Colli- 
mating lens G is fixed with respect to the projected beam and helps to secure 
constant directions of the two beams inside the box B, while the box is moved in 
the light field during measurements. 


It is possible to rotate the fine shifters Li and L 2 from outside the box about 
axes perpendicular to the plane of the figure. By means of this rotation positions 
of light spots on the diffusers D t and D z can be altered in small amounts in order 
to render illumination on the LDR’s exactly equal. Such an adjustment is usua y 
done with the spectrum removed from the beam and the slits uniformly i umma e 
with seleclcd light intensity, before commencing a series of measurernen s. eces- 
sary uniformity of the light beam has been obtained by means o± an n 

(fixed) diffuser D near the projector condensing lens. 

The slits are rectangular apertures of suitable size and position or ^j' t ^ et s ^ t 
plate G, which is made of glass with a non-transparent mask on it, ^ ^ ^ 
Slit plates can be easily made and arc changed according to the 
observed spectral line and the desired space resolution along the h ne* 


*On leave from Belgrade Astronomical Observatory, Yugoslavia. 
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Ten points along each line were measured and such a set of measurements 

was repeated 8 times. From ten r. m. s. errors ± a mean value is 

derived and these results arc shown in Table I. The errors are expressed in 
microns (p) as well as in velocity units (m/s). 

Table I 


Slits 

No. I 

No. 2 

N«. G 

Space resolution alonj; 
tin* slit. 

5". 50 

2 "- 75 

0".9I 

X*- 455-1 A, 

± 1 0!* 

± ! M\>- 

4- 2.71* 

R -a fl 

4; 5.9 m/s 

± 9.4 m/s 

+ 15.9 m/s 

X«-<|»I2A 

:!; 2 BJA 

± 5-3J* 

± 7.6;* 

Raw 1 

d: 19 9 m/s 

d; 23 . 0 m/s 

4; 33.0 m/s 


The strongest lines which can be accommodated in the field lens of the com- 
parator are D, and D 2 lines of Na with a dispersion 1 1 mm/X, 


It was also found that after some practice, an observer working with the 

highest slit can measure about 150 points along 4554 B« line in one hour. This 
number would be less for higher space resolution or for a weaker line. 
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Abstract 


The total solar eclipse of July 20, 1963 was observed at Lite AAVSO site near Wilton, 
Maine, U.S.A, where totality lasted for 58 seconds. Pictures of the corona were obtained with 
a camera of focal length 57 cm. on Kodak Plus X emulsion through a Wrallcn 15G filter, 
Photometric calibrations were impressed with a Ililgcr step wedge. Coronal isopliotcs have been 
derived by the Sabatlier procedure and intensities assigned to the equidensity contours by conven- 
tional microphotoinclry. Tables given contain the brightness distribution for dilTorcnl position angles 
to r=4.2 solar radii. The coronal intensity gradients are presented over the range r— 1 .4 to 2.8. 
The Ludendorlf index of the corona’s photometric form is 0.24. 


Introduction 

At the total solar eclipse of July 20, 1963, the white light corona was 
photographed by one of us with the aim of coronal isophotometry to about four 
solar radii. The camera had a focal length of about 57 cm. providing a scale 
of 6 minutes of arc per nun. The corona was photographed on Kodak Plus-X 
35 mm film through a Wratlcn 15G filter. The effective wavelength of our 

coronal pictures was, therefore, 5300A. The exposure times were 0.5 seconds, 
l .0 second and 2.0 seconds. The 2 second exposure was near mid-totality and 
forms the material for the present study. The equipment was located at the 
AAVSO site located 50 miles north-east of Wilton, Maine, U.S.A. and 12 miles 
from the central line. The duration of totality was 58 seconds. 

The Iso photos of the Corona 

We have carried out our programme of isophotometry by two methods, 
The first was the tedious procedure of micro photometer scans in an arbitrary 
rectangular co-ordinate system. The scans were made at closely spaced intervals 
and intensities read off subsequently from the calibration curve. Contours of 
equal intensity were then drawn through the appropriate points. To ensure 
adequate repeatability, we have also scanned the corona radially in 10 degree 
intervals. The agreement in contour representation between the two _ types of 
microphotometer scans was quite satisfactory. The success of this technique rests 
largely on the close spacing of the scans and subsequent intensity evaluation. 
The advantage of simplicity and accuracy must nevertheless be considered along 
with the tedious and exceedingly time consuming aspect of the technique. 
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Our second approach was to determine the isophotes by the technique of 
equidensitometry employing the Sabatlier effect. This is an exceedingly simple 
and accurate procedure that has probably not received the attention in astronomy 
that it certainly merits. Schroter (1958) has shown how line profile distortions 
can be easily evaluated by the use of this technique. Richter and his collabora- 
tors have demonstrated its efficiency in the study of extended nebulosities and 
galaxies. At this observatory Bappu and Sivaraman (1968) have shown its effi- 
ciency in Hie evaluation of the location of the centre of gravity of a diffuse feature 
on a spectrogram. We feel convinced of its great utility because equi-density 
contours can be determined most conveniently and speedily. It only remains 
then to evaluate the intensity levels for each density contour, a process which can 
be done by the microphotometer. 

Hogner and Richter (1966) have described in detail the procedure to be 
used for determining equidensity contours. We have used exclusively ORWO 
FU 5 emulsion with its very high gamma and find this most satisfactory. 
Figure 1 shows these contours on the single coronal frame of two seconds 
exposure. 


N 



S 


Fio. i 
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The intensity marks utilized for deriving the calibration curves for 
conversion from density to intensity were impressed on the eclipse film a few 
hours after the event with the aid of a well calibrated Hilger slcp-wedge and a 
diffuse source of light of uniform intensity over the step-wedge. The intensity 
levels of these contours have been assigned from microphotometcr scans along 
position angles 0°, 90°, 180° and 270°. The mean of these four values is chosen 
to indicate in Table I, the value of intensity along each contour. We give here 


TAIJUj ] 


Isopliolc 

No. 

Mean 

Log I 

1 

2.730 

2 

2.700 

3 

2.499 

4 

2.138 

5 

1.998 

6 

1.964 

7 

1.906 

It 

1.863 

V 

1.756 

10 

1.731 

II 

1,600 

12 

1 . 565 

13 


14 

• • 


only I hose intensity levels for which the photometry can be considered to be 
secure. Such a consideration assigns a low weight to the intensity value of 
contour I and eliminates the use in subsequent discussion of contours 13 and 14, 
because of the inacccuraeies in interpolation from the toe of the calibration curve. 
We, however, retain these equidensily contours in Figure I to show the general 
trend exhibited in the shape of the solar corona at these distances from the centre 
of the sun. It also shows up the efficacy of the Sabatticr technique of equidensi- 
lometry in deriving a contour of equal density that has a level just detectable 
above that of the clear plate. Table 2 lists the values of r ' for the isophotes at 
different position angles. 
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The Radial Intensity Gradients 

Several studies of coronal intensities have shown that over a restricted 
range of distances from the solar limb the distribution law of intensity can be 
represented by: 

c 

d“ 

A tog I 

whence n — — — • 

A log d 

where d is the distance from the solar limb. We have determined values of n 
over the range in intensity covered by isopholcs 3 to 10 for every ten degree 
interval of position angle. These are given in Table 3. 


Taui.i; 3 

Dependancc of' radial intensity gradients on 
position angle 


Position 

Angle 

n 

Position 

Angle 

n 

0 

1.50 

180 

1.63 

10 

1 .60 

190 

1.60 

20 

1.89 

200 

1.63 

30 

2.25 

210 

1.55 

40 

2.62 

220 

1.61 

50 

2.35 

230 

1.66 

60 

2.05 

240 

1.86 

70 

2.22 

250 

2.05 

80 

2. 13 

260 

2.10 

90 

2.40 

270 

1.97 

100 

2.51 

280 

1.92 

110 

2.72 

290 

2. OK 

120 

2.79 

300 

2,26 

130 

2.42 

310 

2. OK 

140 

1.82 

320 

1.77 

150 

1.74 

330 

1 .64 

160 

1.60 

340 

1.61 
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The isophotes cover the range in r from 1.4 to 2.8 solar radii. Figure 2 contains 
a plot of log (cl 1 1 ) for the eight isophotes for different position angles. The 



Flo. 2 


lower portion of the diagram represents the variation in index n calculated by 
least squares from the eight intensity contours. 
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Eilipticity of (he Corona 

A measure of this parameter following Ludendorff (1928, 1934) needs mea- 
sures of polar and equatorial diameters together with diameters inclined at 22.5" 
to each one of them. Hence s, the eilipticity is 


3R 
D • 


where R is the mean of the equatorial diameter and those at position angles 67 . 5 ,v 
and 112.5°, and D represents the sum of the three diameters at position angles 
337.5°, 360° and 22.5°. Table 4 gives the T.udendorff eilipticity parameter for 


Table 4 

LndcndorfT eilipticity parameter e for the 
different iso photos 


tsophote 

No. 

R 

E 

Isopholc 

No. 

R 

c 

1 

L.379 

0,170 

8 

2.318 

0.189 

2 

1.516 

0.186 

9 

2.493 

0.169 

3 

1.731 

0.211 

10 

2,554 

0.164 

4 

1.942 

0.206 

11 

2.855 

0.129 

5 

2.058 

0.199 

12 

3.133 


6 

2. 104 

0.195 

13 



7 

2.199 

0.187 

14 

•• 



the different isophotes. Also :shovm_in_Ftg. 3 _i s t ] lc eilipticity s' as defined by van 
de Hulst (1953) to be 


j* 

equator 

*pole 
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0-26 


0-22 


£0-18 


0. 14 


0-10 

l.o 2-0 3-0 4-0 

R 

Fig. 3 

In agreement with ellipticily values £ as derived for previous eclipses near 
the minimum phase of the solar cycle we line! that a maximum value of the Lud- 
endorfT parameter is at 1 .8 solar radii. The solar eclipses of 1936, 1954 and 1955 
all have maximum ettipticitics near this value. 
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Narrow Band Photometry of Rho Puppis 


A. Thulasi Doss 


Abstract 

/ 

Monochromatic flux values of the chvarf Ceplicid Rho Puppis have been evaluated over the 
cycle from observations made in the 1967 season through four narrow band filters centred at 3858 A 

4310 A, 4720 A and 5875 A, The amplitudes at the above wavelengths are 0. 17, 0. 14, 0. 12 and 0.09 
magnitudes respectively. The effective temperature variation over a cycle is 320°K. Photoelectric 
light curves have also been obtained in Blue and Yellow colours and amplitude of light variations 
are 0 m .15 and 0"‘ .09 respectively. The period is further improved as 0.14088067 day. 


Introduction 

Simultaneous spectropho to metric and spectral observations of the short per- 
iod pulsating star Rho Puppis have been reported recently by Danziger and Kuhi 
(1967) and Bessel (1967). Earlier works on this star have been summarised by 
Danziger and Kuhi who have obtained at minimum light an effective temperature 

of T 0 — 607 1°K (0 o =« 9 = 0.83) and a low mass of 0.2 solar masses. They 

t C 

suggest that the star may be pulsating in a higher harmonic. This result has been 
criticized by Bessel who obtains values of 0 C and mass to be 0.74 and 2.0 respec- 
tively and hence concludes that the star may be pulsating in the first overtone. 

Ponscn (1962) has determined the mean light curve of Rho Puppis through 
a blue filter and improved the period combining all the observed epochs of maxi- 
mum since the discovery by Eggen (1956), as well as from the radial velocity 
data. 


The present study is undertaken to determine O c for different phases from 
both (B-V) colour curves using interference filters. It was also of interest to in- 
vestigate the constancy o.f the value of period derived by Ponsen, 

Observations 

The star was observed photoelec trically at Kodaikanal during January and 
February 1967, with a photometer attached to the 20cm Cooke refractor. An 
unrefrigerated RCA 1P21 photomultiplier tube was used and the amplified output 
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was recorded on a Brown recording potentiometer. The star was observed on 5 
nights during January 1967 with the aid of standard B, V filters. The comparison 
stars were l Puppis and 11 Puppis. On one night in February Rho Puppis was 
observed through four narrow band interference filters with ? Puppis and 11 
Puppis as comparison stars. These two stars were later tied in with a Tau, £ Ori, 
7 r 3 Ori and Leo for absolute flux determinations on Oke’s (1961) system of stan- 
dards. 

Characteristics of the four narrow band filters used are given below: 


Peak transmission wavelength 

Width at half intensity 

3 8 58 A 


94A 

43 f 0 A 


75A 

4720A 


46A 

5 875 A 

The light curves 

66A 


The observations of Rho Puppis through B and V filters on 18, 21, 22, 23 
and 24 January 1967 have been reduced to magnitudes outside the atmosphere by 
applying extinction corrections. The difference in magnitude between c, Puppis 
and the variable have been computed. Tt was seen that the maximum light 
occurred about 20 minutes later than the computed epoch with Eggens ephemeris 
(JD 2435555 • 911 + * 141 E) and 16 minutes earlier than the computed epoch with 
Ponsen’s ephemeris (JD 2437330' 425 + 14088141E). The latter period is 
preferred as it has taken into account all the photometric and radial velocity 
measurements over a large interval from 1897 to 1963. Combining with the pre- 
sent epoch the period has been further improved as 0* 14088067 days. 


Hence the present ephemeris cart be given as Max. J.D. (Hel) 
2439512' 244+0 •14088067E. 

'' It is with this present ephemeris that all the phases (heliocentric) in terms 
of period were computed. The Am against phase for blue and yellow are given 
in tables I and tl. The instrumental (B-V) colours that are determined arc con- 
verted to standard (B-V) colours using linear transformations. ,The values are 
given in Table III and plotted in Figure 1 along with the blue light curve. 

Table I 


Blue observations of Rho Puppis 


J. D. Helio- 
centric 

Phase 

Am 

2439512:1377 

■ 0.2448 

1.255 

1474 

0.3138 

' 1:251 

1502 

0.3336 

1.239 

1543 

0.3627 

1.224 

1620 

0.4173 

1.213 

" • ' 1 m Vi 



■ 1689 


' 1.214 


i- i*' i.,, 

* 1 ‘U 1, ) l. ' S. ,r* u-'* 

ti 1 •■ifrt 


' J. D. Helio- 
centric 

Phase 

Am 

2439513.2523 ■' 

• ! 0.1568 

1.303 

•• ; 1 ' 2571 - 

0.1909 

1.283 

2578 

0.1959 

1.271 

2641 

0.2406 

1.265 


0.5359 

1.208 

1 • 3113 

0.5758 ■■ 

1.213 

•" 3182 ■' 

0.6246 1 

1.218 





Table l — Contd. 


A fSI 


J.D. Helio- 
centric 

Phase 

Airs 

J.D. Helio- 
centric 

Phase 

Am 

■74395 12. 1724 

0.4912 

1.201 

2439513.3238 

0 . 6643 


1779 

0.5302 

1.219 

3293 

0.7035 

1.233 

1814 

0.5551 

1 .203 

3289 

0.7005 

1.237 

1849 

0.5799 

1.211 

3418 

0.7923 

1 .2t>l 

1877 

0.5997 

1.211 

3474 

0.8333 

1-2/ / 

1946 

0.6487' 

1.201 

3661 

0.9646 

i - JUj 

1974 

0.6684 

1.211 

3752 

0.0399 

i . A Ao 

1 

2029 

0.7077 

1.218 

3807 

0.0688 

1 

2071 

0.7375 

1.245 

3870 

0.1136 

i r n 

2085 

0.7474 

1.252 

4161 

0.3207 

1 738 

2113 

0.7673 

J .263 

4210 

0.3549 

1 715 

2161 

0.8013 

1.273 

4252 

0.3847 

1.211 

2175 

0.8115 

1.288 

4266 

0.3945 

1.208 

2203 

0.8311 

1.290 

4300 

0.4188 

1 203 

2238 

0.8564 

1.304 

4342 

0.5906 

1. 192 

2259 

0.8709 

1.313 




2300 

0.9001 

1.307 

2439514.2759 

0.423! 

1.238 

2321 

0.9149 

1.335 

3309 

0.8120 

1.302 

2384 

0.9596 

1.341 

3349 

0.8416 

1.314 

2411 

0.9788 

1.353 

3543 

0.9817 

1.359 

2425 

0.9887 

1.329 

3564 

0.9945 

1.364 

. 2453 

0.0092 

1.354 

3585 

0.0094 

1.364 

2481 

0.0241 

1.347 

3606 

0.0241 

1.359 

2495 

0.039! 

1.341 

3627 

0.2390. 

1.357 

2550 

0.078J 

1.333 

3641 

0.0489 

1.349 

2564 

0.0811 

1.322 

3661 

0,0632 

1.350 

2585 

0.1029 

1.320 

3682 

0.0799 

1.348 

2627 

0.1327 

1.314 

3710 

0.0979 ' 

1.346 

3071 

0.4478 

1.222 

3724 

0,1078 ' , 

1.343 

3127 

0.4877 

1.226 

3745 

0,1227 

1.335 

3141 

0.4975 

1 .220 

3752 

0.1279 

1.325 

3161 

0.5118 

J ,22! 

3773 

0.1426 • 

1.329 

341 1 

0.6892 

1 .239 

3786 \ 

0 ; / 5 19 

1 .322 

3439 

0.6452 

1.252 

3800,': 

0.1619 

1. 315 

3479 

0.7325 

1.257 

3825 

0.1767 

1,319 

3495 

0.7417 

1.259 

3835 

0.1881 

1.317 

3814 

0.9752 

1.356 

3842 

' 0.1916 - 

1.315 

3849 

0.0000 

1.347 

3856 

0.2015 ,, . 

• 1,310 

2439514.3863 

0.2065 

• 1.307 

2439515.1842 

0.8702 

1.310 

3891 

0.2264 

1.299 

1856 

0.8800 

1.313 

3898 

0.2314 

1.295 

1870 

0.8972 

1.318 

3911 

0.2406 

1.287 

1884 

• 0.9000 

1.322 

3918 

0.2455 

1.280 

1898 

0.9099 ■■■": 

'-•U].;329 

3922 

0.2484 

J .281 

1911 

0.9192;;' 

^T*333' 

3946 

0.2654 

1.276 

1925 

0.9291 

1.338 

■»'. 3953 

0.2704 

! ; 27 6 

1940 -h" 

0,9398 

I' 5 :/ i;33[5r 

3974 

0.2853 

1.264 

■ 1.953/ 


1.339, 

3995 

0.3082: 

1.267 

- \ I967i; 


■ ;,l> : 33;3i 
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Table i — contd. 


J.D, Helio- 
centric 

Phase 

Am 

J.D. Helio- 
centric 

Phase 

Am 

2439514.4009 

0.3101 

1.255 

2439515. 1995 

0.9788 

1.340 

4036 

0.3294 

1.264 

2009 

0.9887 

1.352 

4057 

0.3442 

1.255 

2023 

0.9994 

1.345 

4092 

0.3691 

1.235 

2036 

0.0079 

1.345 

4113 

0.3840 

1.213 

2050 

0.0177 

1.344 

4141 

0,4039 

1.228 

2064 

0.0276 

1.344 

4154 

0.4131 

1.229 

2092 

0.0475 

1.340 

4175 

0.4280 

1.203 

2120 

0.0675 

1.338 

41B9 

0.4379 

1.200 

2141 

0.0839 

1.335 

4307 

0.5217 

1.200 

2161 

0.0965 

1.334 

4321 

0.5316 

1.205 

2189 

0.1164 

1.329 

4356 

0.5564 

1.219 

2203 

0.1263 

1 . 325 

4377 

0.5714 

1.218 

2217 

0.1362 

1.325 

4398 

0.5863 

1.294 

2231 

0.1462 

1.316 

4439 

0.6154 

1.197 

2245 

0.1561 

1.314 




2259 

0.1660 

1.309 

2439515. 1516 

0.6388 

1.196 

2256 

0.1710 

1.305 

1529 

0.6480 

1.194 

2693 

0.1902 

1.303 

1550 

0.6700 

1.205 

2300 

0.1952 

1.297 

1564 

0.6729 

1.210 

2314 

0.2051 

1.296 

1578 

0.6829 

1.212 

2328 

0.2150 

1.290 

1585 

0.6879 

1,216 

2349 

0.2300 

• 1.287 

1620 

0.7127 

1 .224 

2370 

0.2449 

1.282 

1634 

0.7226 

1.231 

2391 

0.2597 

1.278 

1648 

0.7325 

1.238 

2401 

0.2569 

1.282 

1675 

0.7516 

1.254 

2543 

0.3676 

1.232 

1689 

0.7616 

1.256 

2578 

0.3925 

1.225 

1703 

0.7715 

1.259 

3029 

0.7126 

1.272 

1720 

0.7832 

1.266 

3043 

0.7225 

1.267 

1731 

0.7913 

1.274 

3113 

0.7722 

1.275 

1759 

0.8113 

1.282 

3134 

0.7871 

1.281 

1773 

0.8205 

1.282 

3148 

0.7971 

1.278 

1786 

0.8304 

1 .293 

3168 

0.8113 

1.291 

1800 

. 0.8404 

1.292 




1814 

0.8503 

1.299 




1828 

0.8603 

1.304 





Table II 


Yellow Observations of Rho Puppis 


J. D. Helio- 
centric 

Phase 


J. D. Helio- 
centric 

Phase 

A m 

2439509.1953 

0.3598 


2439513.2543 

0.1711 

mm 

2016 

0.4045 


2606 

0.2157 


2085 

0.4536 


2654 

0.2498 

0.547 
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Table IF — Conic/. 


J.D. Helio- 
centric 

Phase 

Am 

J.D. Helio- 
centric 

Phase 

Am 

2439509.2210 

0.5423 

0.508 

2439513.3148 

0.6005 

0.516 

2266 

0.5870 

0.503 

3210 

0.6445 

0.519 

3161 

0.2172 

0.571 

3266 

0.6842 

0.526 

3196 

0.2420 

0.547 

3321 

0.7233 

0.534 

3314 

0.3088 

0.534 

3370 

0.7580 

0.542 

3370 

0.3655 

0.527 

3346 

0.7411 

0.562 

3426 

0.4046 

0.519 

3710 

0.9999 

0.600 

3467 

0.4344 

0.519 

3779 

0.0488 

0.597 

3509 

0.4642 

0.512 

3828 

0.0837 

0.592 

3557 

0.4981 

0.508 

3904 

0. 1377 

0.578 

3620 

0.6139 

0.508 

4182 

0.3350 

0.525 

3789 

0.6629 

0.506 

4238 

0.3745 

0.532 

3946 

0.7034 

0.543 

4279 

0.3747 

0.523 

3995 

0.8092 

0.557 

4286 

0.4088 

0.505 

4036 

0.8382 

0.563 

4326 

0.4372 

0.514 

4085 

0.8731 

0.579 

4370 

0.4684 

0.516 

4134 

0.9078 

0.590 

4441 

0.5188 

0.501 

4175 

0.9367 

0.594 

4425 

0.5075 

0.503 

4231 

0.9768 

0.589 







2439515.1439 

0.5841 

0.501 

2439512.1307 

0. 1959 

0.546 

2335 

0.2200 

0.543 

1668 

0.4521 

0.517 

2356 

0.2399 

0.541 

2002 

0.6892 

0.515 

2384 

0.2548 

0.540 

2279 

0.8858 

0.588 

2411 

0.2739 

0.543 

2599 

0.1128 

0.590 

2564 

0.3825 

0.513 

3092 

0.4060 

0.511 

3036 

0.7176 

0.568 

3279 

0.5955 

0.504 

3127 

0.7822 

0.546 

3460 

0.7311 

0.543 

3154 

0.8013 

0.547 




341! 

0.8418 

0.594 




3627 

0.1369 

0.562 


Table III 

(B-V) colour and 0 e values of Rho Puppis 


J.D. Heliocentric 

Phase 

(B-V) 

0 . 

2439509.1946 

0.3549 

+0. 358 

0.743 

2002 

0.3946 

4-0.360 

0.745 

2078 

0.4486 

-1-0.364 

0.748 

2189 

0.5272 

TO. 378 

0.755 

2252 

0.5721 

4-0.370 

0.752 

2293 

0.6012 

4-0.375 

0.754 





Table III — ContcL 


J.D. Heliocentric 

Phase 

(B-V) 

0 . 

2439509.3154 

0.2212 

4-0.319 

0.720 

3189 

0.2370 

4-0.321 

0.721 

3300 

0.3158 

4-0.335 

0.730 

3356 

0.3556 

-1-0.334 

0.730 

3460 

0.4294 

4-0.359 

0.745 

3502 

0.4592 

4-0.348 

0.738 

3550 

0.4933 

4-0. 355 

0.742 

3599 

0.5281 

4-0.358 

0.743 

3932 

0.7786 

-1-0.374 

0.753 

3981 

0.7992 

4-0.359 

0.745 

4029 

0.8333 

4-0.339 

0.733 

4071 

0.8631 

4-0.339 

0.733 

4120 

0.8979 

4-0.355 

0.742 

4168 

0.9319 

4-0.330 

0.727 

4217 

0.9667 

4-0.334 

0.730 

2439512.1654 

0.4422 

4-0-363 

0.748 

1759 

0.5167 

4-0.377 

0.755 

1988 

0.6792 

+ 0.361 

0.745 

2273 

0.8815 

+ 0.331 

0.725 

2432 

0.9944 

+ 0.342 

0.735 

2592 

0.1078 

+ 0.320 

0.720 

3085 

0.4578 

+ 0.340 

0.733 

2439513.2597 

0.2058 

+ 0.325 

0.724 

4175 

0.3301 

+ 0.326 

0.725 

4224 

0.3648 

+ 0.357 

0.743 

4273 

0.3996 

+ 0.355 

0.742 

4293 

4326 

0.4138 

0.4372 

+ 0.343 
+ 0.366 

0.735 

0.750 

2439515.1432 

0.5792 

+ 0.380 

0.757 

2356 

0.2349 

+0.316 

0.720 

2377 

0.2497 

+ 0.313 

0.718 


The shape of the light curve agrees with that of Ponsen with a sharper 
maximum than minimum and with equally steep rising and descending branches, 
ft is noted that a scatter of about 0 m .01 was seen in the light curves. The mean 
amplitude iu blue and yellow are 0 ,n . 15 and 0 m .09 respectively. 


Temperatures 

The B-V colour variation with phase is utilised to derive the changes in 
effective temperature over a cycle. The values ^effective temperatures j against 
(B-V) obtained by Oke and Conti (1965) for the Hyades stars were tihsed and 
0, with phase were computed for Rho Puppis. The values are given in _ Table l I 
and also plotted in Figure 1. It can be seen from figure 1 that 0. ™ + mm 

mum andjhe variation is .035 over a cycle. The value of 0 at minimum com- 
pares well with that obtained by Bessel (0 e — .74). 
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The effective temperature variation over a cycle was also studied by the 
observations taken through four interference filters. 

c 

The flux values with the filter 3859A were not given a high weight in the 
slope determination due to the large blanketing corrections involved. 

The monochromatic fluxes given by Oke for a Leo and e Ori were utilised 
to derive that for 11 Puppis and £ Puppis, The method given by Oke (1965) has 
been followed for determining absolute fluxes AB and effective temperatures 0 ei 
The absolute energy fluxes of £ Puppis, 11 Puppis and Rho Puppis are given iii 
Table TV. Figure 2 is a plot of the flux values of Rho Puppis for l he different 
phases. It can be seen that the light amplitude decreases with increasing wave- 
length. The ranges are 0. 17, 0. 14, 0. 12 and 0.09 magnitudes for 3859 A, 43I0A, 
4720 A and 5875 A respectively. 


Table IV 


Monochromatic flux AB* and 0 O values of Rho Puppis 


Time 

U.T 

3858X 

4310k 

4720° 

5875a 

Phase 

0, 

February 7, 
1967 

1621 

3.649 

3.108 

2.870 

2.733 

0.1959 

0.726 

1632 

3.699 

3.112 

2.887 

2.744 

0.2499 

0.712 

1640 

3.739 

3.134 

2.885 

2.739 

0.2889 

0.734 

1648 

3.733 

3.132 

2.900 

2.782 

0.3286 

0.715 

1655 

3.753 

3.159 

2.911 

2.783 

0.3634 

0.725 

1710 

3.787 

3.177 

2.931 

2.792 

0.4372 

0.726 

1734 

3.782 

3.181 

2.916 

2.779 

0.5551 

0.732 

1742 

3.783 

3.179 

2.921 

2.765 

0.5948 

1758 

3.766 

3.131 

2.883 

2.765 

0.6736 

, ,, 

1812 

3.745 

3.113 

2.873 

2.737 

0.7425 

0.723 

1819 

3.735 

3.101 

2.853 

. — 

0.7773 

0.706 

1827 

3.736 

3.074 

— 

. 

0.8170 

1856 

3.614 

3.039 

2.807 

2.714 

0.9597 

0.704 

1912 

3.612 

3.042 

2.808 

2.693 

0.0383 

0.715 

1917 

3.036 

2.808 

2.716 

0.0632 

0.700 

1934 

3.650 

3.065 

2.834 

2.720 

0.1469 

0.708 

1940 

3.610 

3.070 

2.838 

2.751 

0.1760 

0.697 

1947 

3,632 

3.107 

2.857 

2.748 

0,2108 

0.702 

1954 

3.649 

3.104 

2.868 

2.762 

0.2456 

0.710 

2001 

3.643 

3.125 

— 

2.762 

0.2797 

0.719 

^Puppis 

11 Puppis 

6.108 

5.642 

4,641 

4.900 

3.804 

4,460 

3.072 

4.079 




*Flux AB =[—2.5 log Fu-f Const] normalised to m v at 5556a . 
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Assuming log g--0.34 and the blanketing corrections given by Bessel, the Q e 
variation over the cycle for Rho Puppis is derived and plotted in Figure 2. 

It is seen that both 0 C curves in Figures l and 2 agree with each other in 
the amplitude, though there is a slight shift of ,02 in 0 C scale. It is also seen 
that the minimum temperature occurs about O.lPin phase after the minimum 
light. Even though the differential variations agree in amplitude and phase, the 
effective temperatures derived by Danziger and Kuhi are systematically lower by 
about 700°K. Our value of Q c minimum for Rho Puppis confirms the results 
obtained by Bessel (0 C .74) and not that of 0 e -- .83 obtained by Danziger 

and Kuhi. 

The amplitude of 0 C from Figures 1 and 2 is .035 and hence the effective 
temperature variation over a cycle is 320°K. The earlier values reported were 
300°K by Bappu (1959) and 280°K by Danziger and Kuhi. 
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On the Polar Coronal Rays of the Sun 


A. Bhatnagar and ICC. A. Raheem 


Abstract 

A study of the polar coronal rays made, on two eclipse photographs is presented. 
From the frequency distribution of polar rays, it is shown that the maximum distribution of 
polar rays occurs in an annular zone around 10° from the poles and a minimum at the poles. 
From the orientation of the polar rays the length of the hypothetical bar magnet has been 
determined. A variation in the length of the hypothetical bar magnet with the phase of solar 
activity cycle is confirmed. 


1. Introduction 

Campbell, Moore and Bell (1923) were the first to point out the simi- 
larity between the polar coronal rays and a bar magnet. They showed that 
the distribution and orientation of polar rays matches fairly well with the 
magnetic lines of force due to a bar magnet, situated inside, the sun and whose 
poles are separated by two thirds of the sun’s diameter. In recent years, 
Waidmcier (1961), Bachmann (1957), Saito (1958, 1965), Stoddard, Carson 
and Saito (1966) and Suda (1966) have studied the geometry of the polar rays 
and tried to correlate with the magnetic lines of force clue to a bar magnet. 
Saito (1965) has shown from a study of several eclipse-photographs ( that the 
length of the hypothetical bar magnet is a function of the solar activity cycle. 

For further verification of the hypothetical bar magnet, it is necessary 
to analyse as many large scale eclipse photographs as possible. In the plate 
collection of the Kodaikanal Observatory -we had two luge Q Scale ^eclipse 
photographs, obtained during the total eclipse of 1898 and 1922. in m s 
papei we have presented a study of the orientation and the frequency clistii- 
bution of the polar rays, made on these two eclipse plates. 

2. Observational data 

The ertitose of 1898 January 21. This photograph obtained by Michie 

Smith Indfa (Lat.^M £ 

camera of 15cm aperture and 12 metres focal length, giving an image scale ot 
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16". 5/mm. The polar rays could he traced out to distances of the order of 
1 .2 solar radii as measured from the sun’s centre. A high contrast copy of the 
original negative was enlarged and projected on a screen to obtain an image 
scale of 3". 9/mm. The outlines of individual polar rays were drawn indepen- 
dently by the two authors. A comparison of the two drawings showed no 
significant difference. A copy of the eclipse photograph obtained by the Lick 
1898 eclipse expedition with a similar focal length camera, was generously 
made available by Director, Lick Observatory, and a comparison of the two 
pictures showed that almost all polar rays were common on both pictures. 
Another small scale plate (1',5/mmj, made available from the Lick collection 
showed polar rays, extending uplo 1.6 R. The small scale plate was enlarged 
to yield an image scale of 3". 9/mm and both small and large scale plates were 
combined to give a composite drawing of the polar rays, as shown in Figure 1. 
The polar rays were extended from the limb of the moon In meet the solar 
limb. 

i 


At the lime of the eclipse the apparent semidiameter of the sun was 
16' . 14". 8 and that of the moon was 16'. 24. 3. The position angle P of the 
sun’s axis was — -7° and the hcliographic latitude of the sun’s centre, B 0 was 
—5°. The north-south orientation on the plate was determined, using the 
position angle of the prominences seen on the plate. According to the Lund- 
endorff definition the phase of the solar cycle at the time of eclipse was — 0.46. 
On this photograph 20 north polar rays (N.P.R.), and 30 south polar rays 
(S.P.R.) were distinctly seen. The number of the polar rays in 5 degree inter- 
vals of the polar angle is given in Tabic I and a histogram in Figure 2. A 
distinct peak in the histogram is seen at 10° — -15° zone of the polar angle. 


The. eclipse of 1922 September 21. This plate was obtained by John Kver- 
slmd (1922) at Wallal,W estern Australia, (Lat. = 19°.46 # S, Long. -= 120°. 4TE), 
using a 30cm aperture and 6.3 meter focal length Cooke triplet lens, in con- 
junction with a coeloslat. The image scale on this plate was 33" ,4/nnn. The 
plate was partly fogged, but for our purpose of determining the geometry of 
the polar rays the. plate was usable. As in the case of the 1898 eclipse plates, 
this plate was enlarged and projected to yield an image scale of 4"/rnm. The 
outlines of the individual coronal polar rays were drawn and are shown in 
Figure 1. 


- At the time of totality the apparent semidiameter of the sun was 
15' .56". 0 and that of the moon was 16'. 43". 6. The position angle P of the 
sun’s axis was -1-25.3° and B 0 was +7°. The north-south orientation was 
determined from the symmetry of the polar rays. The assumption is made 
here that the magnetic poles and the rotation axis of the sun are in good coin- 
cidence (Campbell et al 1923). At the time of eclipse the phase of the solar 
activity cycle was — 0. 14. 18 polar rays in the north and 17 in the south 

were identified on the plate. The polar rays in the south were not as clearly 
seen as in the north, probably because the sun’s south pole was tipped away 
from the observer (B 0 — 4- 7°). We give in Table I the number of rays in each 
of the 5° intervals of the polar angle.. A histogram showing the distribution 
of the polar rays is given in Figure 2. This shows a peak at (5° — 10°) zone of 
polar angle and a minimum at the pole. 
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From Salto's f 1 958, 1 965) 5 dal a for 6 eclipses and from these two ecli- 
pses, wo conclude that there is no apparent relation between the position of 
Clio polar angle of the peak in the histogram and the solar activity cycle. 
But during all phases of the solar cycle, die polar rays arc consistently seen to 
avoid 1 he poles of the sun. On (he contrary Tsubakia el al (1964) have 
shown hi the ease of the 1962 eclipse, that the distribution of the polar rays is 
a maximum at the poles and a minimum near the (12° —15°} zone, while for 
the same eclipse of 1962, Snho (1965) has obtained a maximum at the 10° zone 
and a minimum nl the pole. Sat Co lias explained this discordance in the two 
results as due io the statistical error introduced by Tsubaki el al, because they 
had chosen smaller intervals of the polar angle. From these observations it 
appears that polar rays arc distributed in an annular zone 10° away from the 
pole, fn this connection it is interesting to note that, on examining the promi- 
nence data from the Koclaifeanal Observatory Bulletins for several solar cycles, 
there is n tendency for prominences to persist around ±80° latitude and to 
avoid (lie poles. However, recently Harvey (1965) from study of the 1963 
eclipse photographs, has found a correlation between the polar rays and surface 
lea lures obset ved in ICj spcclrohcliograms and lias taken this correlation to 
establish the dose association between polar rays and surface magnetic fields. 

3, Apparent orientation of the polar rays 

eclipse: The apparent angle of obliquity 'f and the polar angle# 
were measured at the limb of the sun and also at distances oi 1.1 R 0> 1.2 R 0 , 
] ,3 R oJ 1 . 4 R w> 1 . 5 R 0 , 1.6 R 0 , from the sun's centre, W denotes the apparent 
angle between the tangent drawn at a point P on polar ray and the radius 
vector, and 0 is the apparent polar angle of the point P as measured from the 
N-S axis. It has been shown by several authors, on the basis of observations, 
that a linear relation of die? form ff-dc 0 exists between V and 0 and that 
the parameter k depends on the phase of the polar activity cycle. 
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In Table 2a and 2b we give die apparent: obliquity ancl polar • >-i 

for each of the polar rays and at several distances from the siuTs 1 centre* f C 
both north and south solar polar regions. These are plotted in Figure 3 °<! 

few polar rays seem to have been influenced by the local prominence act' 't ■ 
and the points arc enclosed in parentheses. I 11 Figure 4 is shown the* V arm 
tion of parameter k with the radial distance from the sun’s centre. Ui the 
north polar region, k shows an increasing tendency with distances unto 
1.2 R 0 while in the south side, k shows a peak at 1.1 R 0 and then a steen 
decline till 1 .2 R 0 after which it remains constant. 1 1 



Fig. 4 

Saito (1958) has obtained a relation between the parameter k and the 
length of a hypothetical bar magnet, situated inside the sun. Using Saito’s 
relation, we obtain the half length of the bar magnet as 0.43 R a for the north 
polar rays and 0. 46 R 0 for the south polar rays. We have measured the 
parameter q, which is the distance between the point of intersection of the 
tangents drawn on the polar rays at the limb of the sun and the centre of the 
solar disc. The mean q, is found to be 0.50 R 0 for the system of N.P.Rs and 
0.48 R 0 for the S.P.Rs. The two values are in close agreement and wc can 
consider that the two poles of the hypothetical magnet arc equally separated 
apart from the sun’s centre, The half-length of the bar magnet according to 
Saito is in fair agreement with the parameter q. 

1922 eclipse : The apparent angle of obliquity ty and the polar angle 0 
were measured on the drawings of the polar rays. The values of W and 0 
are tabulated in Table 3a and 3b, and are plotted in Figure 3, The variation 
of parameter k, with the radial distance from the sun’s centre is given in 
figure 4. In the case of 1922 eclipse the parameter k, decreases with increa- 
sing distance from the sun’s disc up 1.2 R 0 and then remains nearly constant. 

Using Saito’s relation, the half length of the hypothetical Uar magnet 
obtained from the N.P.R. system isO.GIR. and for the system is 

0.55 R 0 . The parameter q for the N.P.R. was 0.69 R 0 (on) an .^ f or 
S.P.R. was 0.61 R 0 (q s ). In the case of 1922 eclipse the hypotlretical nor 
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magnetic pole seems to be nearer to the sun’s surface compared to the south 
magnetic pole. A similar result for the asymmetric location of the hypothe- 
tical magnet in the sun, has been obtained by Nesmyanvich (1963), from a 
study of 38 eclipse photographs. 



The length of the hypothetical bar magnet as obtained in the case of 
the 1898 and 1922 eclipses show variation with the phase of the solar active 
cycle. We have plotted in Figure 5, the corresponding length of the magnet 
for these eclipses on Saito’s curve showing the variation of length of the hypo- 
thetical magnet with the phase of the solar cycle. 


Variation of parameter k with distance from the solar limb 

Several authors have made detailed study of the variation of parameter 
k with distance from the sun. Waklmcicr (1965) has shown for the 1962 
eclipse that k is independent of r, while Bachman (1957) and Ivancuk (1964) 
have observed that k decreases with increasing distance r, for 1954- eclipse. 
Kopecky and Suda (1966) have made a detailed study of the variation of k 
with r for several eclipses and could not arrive at any definite conclusion on 
the dependence of k on r. 

Our results obtained from the two eclipses show a variation of k with r 
near the sun’s limb but at large distances k becomes nearly constant with r. 

The authors arc indebted to Dr M. K. V. Bappu for his helpful sugges- 
tions and to the Director of the Lick Observatory for generously making 
available the Lick Observatory eclipse photographs. Thanks arc due to 
Mr. V. Natarajan for his help during the investigation. 



Kodaikanal Observatory, 
October 1970, 
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Frequency distribution of Polar rays 
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Apparent angle of obliquity ^ and polar angle 2 for the north polar region in 1898 eclipse plate. 


A 199 


o 

~Q- 













o 

m 


o 



Pi 














4 

d 


’b 



m 















—4 


1 1 























II 

i-. 

B* 













in 

O 


o 

















—i 

cb 


4 
































o 

o 

o 



o 

n 


© 




■e- 








cb 

»b 

N 



cb 

d 


*r 












r — 1 

—4 







■ — < 



Pi 









1 

j 

7 





























—4 




















II 




















l-< 









O 

o 

IQ 



o 

© 


o 












d 

cb 

4 



d 

OI 


m 












OI 

1 

OI 

1 

N 

1 


















<n 

O 

•n 



© 

O 


n 




kA 








to 

cb 

d 



cb 

CT) 


it 












•— i 


r— < 









0? 









J 

1 

1 









cq 




















1 




















u 









© 

IQ 

O 



o 

m 


o 


. 










d 

4 




d 

d 


d 











<N 

M 





**■* 














1 

1 

i 
















m 


o 

|Q 

■n 



o 

m 


in 



X 

-o- 






IN 


•n 

4 

cb 

i 



0*1 

CO 


4 









oi 

i 


1 

1 
















1 


i 

1 

i 





























II 



























o 


o 

o 

© 



O 

© 


o 










3 


o| 

2 

2 



d 

cb 


4 




9" 

o 

o 

in 

o 

o 

i 

m 

© 

1 

o 

1 

in 

7 

m 

m 

© 

9 9 

9 

© 

•n © 

m 

9 

tf 

M 

*0- 

s 

1 

cb 

C-I 

1 

d 

N 

1 

<N 

1 

ii 

i 

8 

i 

<8 

7 

cb 

7 

o 

7 

i-' 

1 

ib 

1 

d 

N cb 

CO 

d 

d n 

eb 

4 

N 





















II 






















9 

o 

© 

in 

© 

m 

in 

o 

o 

m 

o 

o 

o ir > 

© 

«n 

m © 

©' 

© 


9'- 

d 

r* 

4 

4 

OI 

*— i 

d 

d 

7 

l-N 

cb 

4 

»_ 

cb cb 

d 

CO 

d 4 

N 

cb 


CO 

1 

OI 

I 

OI 

1 

n 

1 

N 

1 

oi 

1 

OJ 

1 

7 

7 

7 




OI 



o 

•n 

o 

IQ 

O 

o 

© 

o 

in 

m 

m 

o 

o o 

9 

■0 

m m 

o 

© 



eo 

ib 

4 

O 

© 

cb 

4 


cb 

to 

4 

4 

CO cb 

4 

cb 

d d 

OI 

4 

rf 

0 

1 

w* 

N 

1 

oi 

1 

oi 

1 

iN 

1 

N 

1 

7 

t-4 

1 

1 






1— 1 

OI 

7 

1 

1 





9 

o 

m 

O 

© 

© 

<o 

© 

m 

o 

© 

o 

9 9 

m 

o 

9 °. 

© 

CO 


9" 

m 

4 

eb 

2 

cb 

4 

»b 

4 

cb 

05 

oo 

o 

cb cb 

OI 

>b 

m oi 

ub 

4. 


T 

1 

►—1 

1 

7 

*-< 

1 

7 

7 

7 

7 

1 

1 






•-< 

OI 



OI 

CO 

•t 

■n 

to 

r-> 

co 

© 

o 


CM 

en ^ 

in 

to 

I-' CO 

ov 

o 

















1— « 

OI 



Table 2b 

Apparent angle of obliquity & and polar angle 0 for Sooth polar region on 1898 eclipse plate 
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The Solar Magnetometer of Kodaikanal Observatory 

J. G. Bhattacharyya 


Abstract 

An instrument capable ol‘ measurement of weak longitudinal component of magnetic fields on the 
sun lias been designed and contruoled for operation with the horizontal solar telescope and high dispersion 
spectrograph of Kodaikanal Observatory. Detailed Peat urcs of the optical and electronic design have been 
discussed. The instrument uses the principle of the Babcock mag Holograph and has additional facilities of 
simultaneous measurements of Doppler velocities and line core intensities. A photo-electric guiding attach- 
ment for the solar image has also been described. The performance of the instrument and reliability of the 
measurements have been discussed. 


1, Horizontal Solar Telescope , 

The new horizontal solar telescope was installed in 1960 in Kodaikanal Obser- 
vatory to facilitate detailed studies of the sun. The complete optical and electronic 
drive system was supplied by Grubb Parsons and consists of a three mirror coelostat 
arrangement feeding a 38cm, f/90 two element objective lens. A 35cm solar image is 
produced by the telescope which is followed in the optical train by a high dispersion 
spectrograph, that provides high resolution spectra for further refined measurements. 
The horizontal telescope is housed in a long underground tunnel to minimise the effects 
of temperature variation. The first two mirrors of the coelostat system are mounted 
on a tower 10 meters above ground level to avoid seeing fluctuations that originate near 
the ground. 

2. The Coelostat System 

The first mirror of the coelostat, an optical flat of fused quartz of aluminiscd 
surface 61cm in diameter, is mounted in a cell with equatorial mounting arrangement 
and is driven by a synchronous motor geared down in such a way as to follow the sun 
with high accuracy. The supply frequency of the synchronous motor is 47.333 cycles 
nominally, which is generated by a Wein bridge oscillator with its elements in a thermo- 
statically controlled oven. A separate tuning unit provides small adjustments needed 
to cope with the variations in the sun’s apparent motion. The oscillator output is phase 
split and amplified by three power amplifiers to produce a 3 phase 440V supply with a 
very stable frequency. 

• i 

The second coelostat mirror, identical to the first is also equaCorially mounted 
and has independent remote controlled slow and fast movements around two perpendi- 
cular axes, that enable the observer to move and centre any part of the solar image on to 
the spectrograph slit. 

The third mirror located at the bottom of the tower is again a 61cm optical fused 
quartz flat, but fixed at an angle of 45° to the vertical so as to render the beam from 
the tower coelostat mirrors horizontal along the axis of the 60 metre long under- 
ground tunnel, 


3. The Imaging System 

The horizontal solar beam fails on a AS cm diameter, two element uchroin 
objective lens with a focal length ol 36 meters. Anti -reflection coating of a thin fil 
of magnesium fluoride is provided on the lens to reduce light loss by reflection at the tv 
surfaces. The lens is mounted on a remote controlled traction carriage to enable carryii 
out small changes in focussing when working at extreme edges of the spectrum, r 
facilitate visual inspection, the solar image is focussed on a white metal screen, whi 
forms the end plate of the 18 metre diffraction spectrograph. 

4* The Spectrograph 

The high dispersion spectrograph consists of a large plane reflection Babea 
grating in a Littrow arrangement. The grating has an area of 153 mm x 203 m 
which 600 lines to the tmllimelre and blazed in the fifth order at 5000 a. The LitUv 
lens is ^ 20 cm, f/90 two element achromal with a focal length of 1800 cm, and is mount 
on a remote controlled traction carriage. The dispersion and spectral resolution 5 
extremely high; in the fifth order green, where it is blazed, a dispersion of 9 mmh 
obtained with a resolving power of (500,000. ' 

5. Theory of Measurement 

, The longitudinal component of solar magnetic field is measured from the Zeeir 
splitting of certain Fraunhofer lines. In the direction of the magnetic field, most of 
spectral lines split up into two components, both circularly polarised, but in oppo: 
sense. The shift in wavelength of each component is related to the magnetic fi 
strength by the following relation *. 


Ax-- 4.67., gx a H . . (1) 

where Ax,), arc in cans, H is in gauss and g is in the Lande* splitting factor for 
particular line. The shift, as may be seen, is extremely small for small magnetic fi< 
an cannot be detected photographically or even by the usual photoelectric arrar 
meats, the two components remain unresolved even for moderately strong fields, 1 
m that case, the line appears a trifle broadened. If, however, by introducing a quar 
wave plate and a polamcr, one. of the circuarly polarised components is removed, c 
tie other component will be seen and the line will appear shifted. 
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if one sets up tin arrangement as shown in Figure 1, which separates H r 1 
from the two wings of a line into components L, and L a , the difference* AL I 1 r ‘]i 
be zero if the line is properly centred, but introduction of a circular polarisation a nl'- 
will result in a fractional change, ‘ anaiysei 


AL 

L 


—4.67.10'* 


1— R 2 
1-l-k 15 


g H 


(2) 


in a Zeeman affected line, R being the residual intensity at the centre of the line and B 
the half width of the line, assuming a straight triangular profile If the 
light is received on two photomultiplier tubes of identical a i\& linear response 
characteristics, then a small change in. photomultiplier output current P Ai 
should result with the introduction of a circular polarization analyser given by • 


Ai . r ~ 
f =4.67 x 


10 


1---R 2 
1-i-R B 


«u: 


H 


( 3 ) 


where i is the mean current delivered by the photomultipliers receiving light from the 
wings of the spectral line under investigation. 


The difference current Ai is extremely small for low values of magnetic field 
and cannot be unambiguously determined with the normal d.c. amplification techniques. 
Connecting two photomultipliers receiving light from the two wings in a differential 
arrangement doubles the difference, but even then the signal current is very small and 
completely submerged in the noisy photomultiplier output currents. To amplify the 
signal out of the noise background, a selective amplification technique is employed. To 
achieve this, an electro-optic modulation arrangement is used. A. mounted crystal 
of ammonium di-hydrogen-phosphate (AI)P) has the property of becoming birefringent 
when an electrical potential gradient is applied across it. When an appropriate voltage 
is used, the crystal behaves as a quarter wave plate. Used in conjunction with a polariser, 
it serves as a circular polarisation analyser. By reversing die polarity of the voltage, 
the combination changes from a right to left circular polarisation detector or vice-versa. 
If an alternating voltage of appropriate magnitude is applied across the ADP, the combi- 
nation behaves as an oscillating circular polarisation analyser. When such a system is 
introduced in the beam the right and left circularly polarised light are cut off in alternate 
half cycles. The differential output of the two photomultipliers thus contains a single 
frequency signal whose amplitude is proportional to the longitudinal magnetic field. 
This when channelled through narrow band selective amplifiers, rises above the noise 
level and makes it possible for being recorded after suitable further amplification, filtering 
and synchronous detection. 


6. The Magnetometer Detector Head 

For mcasurmcnl of weak solar magnetic fields, therefore, it is necessary to measure 
the wings of a Zeeman sensitive spectral line with a precise photoelectric set up. The 
high dispersion and spectral resolution required for this purpose is provided by the spectro- 
graph. The photoelectric detector head consists of a combination of two adjustable 
slits Si ancl S 2 , so that if a spectral line of proper width is allowed to fall on them, the 
wings will be reflected to two photomultipliers P* ancl P a while the core -will pass through 
to the third photomultiplier P 3 as in Figure 2. The slit S x is a standard Hilger bilateral 
slit of length. 18 mm and adjustable upto a maximum width of 1800 microns. I he 
shtS 2 is .a bilateral arrangement of two optically worked reflecting jaws oi speculum, 
coated with Alumium in a vacuum deposition chamber at a precisely controlled rate. 
This is adjustable upto a maximum width of 1500 microns. S a is mounted on a table 
controlled by a precision screw which allows accurate alignment of the two slits m respect 
of the beam coming from the spectrograph. 
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cathode 
about 2 
to noise 


The three photomultipliers 1\, P a and l\ are RCA IP 21 photo tubes with S-4 
e surfaces. The photomultipliers P, and 1 3 h>rui a matched pair selected from 
2 dozen tubes and show almost identical characteristics, lo improve their sienal 


, ;/ ciu/,oi luuw auv. «iwn - — -niprovc their signal 

ise ratio characteristics, they are operated with double the normal stage voltages 
across the cathode and the first dynode and slightly reduced voltage between the ninth 
clvnocle and anode. The photomultiplier i\ is provided with equal voltages at all stages, 
the potential divider chain being located at the base of the lube But the supplies to 
tubes Pi and P 2 are independently given Lo individual electrodes by means of multicore 
cables, voltage division being controlled by elaborate networks on the main instruments 
rack. The outputs of the two “wing' photomultipliers 1 x ancl 1 a are taken out by a pair 
of shielded cables for feeding into the diflercncc amplifier. A small monitor viewer M, 
consisting of a total reflecting prism and an eye-piece, is mounted on a draw tube which 
can be brought in or out of the beam by manual operation, the monitor helps identifi- 
cation of the spectral region and approximate centering ol the line on the slit combination. 


7, The Elcctvo-optlc Modulator 


The heart of the electro-optic modulator is a Baird Atomic mounted ADP crystal 
type AM-2 with optically transparent NliSA electrodes. The mounted crystal is fixed 
on an adjustable stand and introduced in the solar beam just before the spectrograph 
entrance slit. A polaroicl is also fixed on a rotatable frame following the ADP. The 
stand has facilities for accommodating a fixed circular polariser for converting the equip- 
ment for velocity recording and for calibrating the scale of the instrument as explained 
later. Two separate heavily insulated conductors supply the 2500 volt A.C needed 
for the crystal to switch ±>' /4 retardation between the. two polarised components of the 
light beam. 


The emergent light is completely polarised in the direction of the poJaroid axis; 
for the sake of optical efficiency it should be parallel Lo the grating ruling, which is vertical 
in our set up. The orientation of the polaroid is hence fixed, and the ADP crystal 
orientation adjusted with respect to this so that the direction of the optic axis of the 
crystal remains at angle of 45° to the polaroid axis. ^ As the direction of the optic 0 
axis of the crystal is known from the manufacturers specification as being parallel to one 
of the sides, the crystal is mounted with its sides at one angle of 45° to the vertical. A 
schematic arrangement of the different elements ol the modulator is shown m Figure 3. 


ADP 


8. The Electronic Design 

DIFFERENTIAL selective synchronous recorder 



Fig. 4 
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The electrical arrangement for modulation, selective amplification and detection 
is shown schematically in Figure 4. The modulating frequency employed in this instru- 
ment is 125 Hz, obtained from a crystal controlled oscillator and a scaler chain. The 


IOOKH? I KHz 12* w.* 
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Fig. 5 

constant frequency generator unit consists of a 100 KHz quartz oscillator, a buffer ampli- 
fier, two scaler units providing a scale of 800 and giving a square wave of frequency 
1 25 Hz, an active filter comprising of a selective amplifier at 125 Hz and finally a push-pull 
Class AB power amplifier delivering 40 Watts at 115 volts. The whole set up is shown 
schematically in Figure 5. The output of this constant frequency generator feeds two 
transformers, the first one supplying 2500 V to the optical modulator and the second, 
chopper vibrator through the phase shifter unit. 

The difference amplifier used is a DA- 102 low level differential amplifier manu- 
factured by EPSCO Inc. U.S.A. This accepts two inputs and amplifies the difference 
by means of a Wheatstone bridge network and a cascodc input stage. For obtaining 
a flat response from DC to 200 KHz, it divides the DC and very low frequency signals 
from others and amplifies by a separate chopper stabilised amplification system. In 
the final output the two channels arc combined together. Common mode rejection is high, 
the rejection ratio at 125 Hz being 50,000 to 1. Differential gain is adjustable from 100 to 
2000 in five steps. The bandwidth is inversely proportional to gain, the gain band width pr 
oduct being equal to 20 MHz. The equivalent noise input being less than 3 microvolts r.m. 
s., the amplifier is ideally suitable for amplification of low photomultiplier signals. Simul- 
taneous amplification of the DC with the 125Hz signal frequency permits D.G. to be 
separated at the output and is used for operating a servo system that keeps the line contin- 
uously centred on the double slit of the photomultiplier detector head. 

The selective amplifier consists of two stages. The individual units are of a cascodc 
input stage with a twin-T rejection network in its feed back loop. Figure 6 shows the 
circuit diagram of this stage. Use of a cathode follower in the feed back path 
improves the frequency response characteristics, the half power points being less than 
5 Hz away from the centre frequency of 125 Hz. Use of high precision, high stability 
components in its construction has made the amplifier intrinsically very stable. 

The phase sensitive synchronous detector employs an elcctro-mcchanical 
single pole 2-way chopper driven at the synchronous frequency of 125 Hz. The circuit 
arrangements are shown diagrammalicaily in Figure 7. The four-pole, six- way switch 
can select 6 different R.C, combinations to vary the time constant of the synchronous 
detector. The values of the time constant which can be chosen this way are 0.3, 1 . 1, 2 . 8, 
6 . 8 and 1 1 seconds. Feeding into the detector is done through a cathode follower stage 
with D.C. coupling and the output is obtained from a pair of balanced cathode followers 
in differential arrangement. The balance point is adjustable by a precision ten-turn 
helical potentiometer connected between the two cathode points and the ground. 

For proper adjustment of the phase sensitive detector a phase shifting arrangement 
foq the driving voltage has been provided. The network is shown in Figure 8. The 
resistances are chosen in such a way that each step in the eleven point switch shifts the 
phase by 18°. The output impedance of the network is kept low, so that the connection 
of the chopper that draws about 100 MA at 6.3 volts does not affect the operation of the 
network. 
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Fig. 8 

9. Auxiliary Electronic Equipment 

The recorder used is a Honeywell Brown potcnliomelrie strip chart recorder with a 
standard resistance box connected across its input terminals. The recorder has a full 
scale sensitivity of lOmV with a response time for full scale deflection of 1 sec. 'Flic chart 
used is of standard 10 inch width being drawn at the rate of either 0.5 inch/min. or 2 
inches/min. depending on the requirement. The output stage of the synchronous detector 
is kept slightly off-balance, so that the zero can be located at the centre of the chart. 

The output of the central photomultiplier tube is amplified directly by a D.G, 
electrometer amplifier* and recorded on a second strip-char L recorder. To smooth 
out the noise fluctuations of the photoelectric output current, an R.C, network of time 
constant 1 sec. is introduced at the input of the amplifier. 


004 jiF Oo4pr o-o4pF 



* Electrometer D 
Radio G 0l> U.S.A. 


Fig. 9 

G. Amplifier and voltmeter type 1230A manufactured by Messrs. General 
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Tin* H.T. supplies of the three photomultipliers are derived from a transistorised 
EHT unit v\ ith high stability’ 5 . ‘ L'lio EHT is taken to a distribution panel where two 
stable resistance networks divide (lie voltage for application to diiFercnt dynodcs of die 
photomultiplier pair P„ P 2 . A variable resistance introduced in one chain allows small 
differential adjustment to be made between them, which may become necessary in 
course ol’ aging of the two photomultipliers. A three way switch with a voltmeter enables 
the operator to check the voltages cm the three photomultipliers independently. A circuit 
diagram of the EHT distribution panel is shown in Figure 9. 


loon 



Fig. 10 

All the essential controls for operation of the equipment have been brought 
out to a front control panel. The individual controls are : (1) The E.H.T, distribution 
check switch (2) Photomultiplier balance potentiometer (3) Synchronous detector zero 
adjustment potentiometer (4) The R.C. time constant selector switch (5) Phase control 
switch of the synchronous detector and(6)Thc light modulator on-off switch and indicator. 

A cathode ray oscilloscope with associated amplifiers capable of D.C, ainplifica- 
tiont has been included in the equipment to check several adjustments in the equip- 
ment. Besides the regular use as indicator in synchronous detector phasing and photo- 
multiplier balancing, the oscilloscope is also used for initial signal tracing and in the cali- 
bration of the amplifier stages of the equipment. During observations the oscilloscope 
is used as a two dimensional indicator of image guiding system described in the next 
section. The power supply unit for operating the selective amplifier and cathode follower 
stages is a stabilised H.T. Unit of conventional design. Figure 10 shows the circuit 
diagram of this unit, which delivers H.T. voltages of excellent regulation and stability. 
To achieve further stability necessary for this equipment, a transistorised voltage stabilised 
employing saturable core action controlled by a sensitive amplifier loop is connected 
between the mains supply and the equipment. 

* EHT unit type HV 205 manufactured by Electronic Corporation of India. 

| Demount 301-A, D.C. Oscilloscope, 
y Ether transistorised voltage stabiliser Model LT-T-1000 
2— 15 DAOK/70 
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VERTICAL AMPLIFIER 



Fig. H 


10. The Photoelectric Guiding Attachment 

To facilitate accurate guiding of the solar image a photoelectric guiding unit is 
incorporated in the set up. The property of limb darkening gradient has been utilised 
for this purpose. Four light dependent resistors Philips type LDR are mounted behind 
a screen in such positions as to receive light from two perpendicular pair of diametri- 
cally opposite points near the sun’s limb. Each pair of LDR is connected in a Wheat- 
stone bridge arrangement as shown in Figure 11. After visual initial centering of the 
solar image, the two bridges can be balanced by using the respective potentiometers. 
Fhe imbalance voltages arc detected by the vertical and horizontal deflection amplifiers 
T the JDumounl J).C. oscilloscope which deflects the cathode ray spot on the screen 
according lo the unbalance voltages in corresponding directions. Because 
3f strong gradients of solar limb intensities, any small shift of the solar image result in 
appreciable unbalance, voltages, which can be corrected by rcccntcring the image by 
operating the guide buttons of the coelostat arrangement. 

The arrangement is useful in eases where observations am made not too close 
- t ° the solar limb. The frame holding the LDRs do not permit the light from the 
imb to enter the spectrograph. The frame is capable of movement in two perpendicular 
directions controlled by two fine precision screws. Two calibrated sensitive dial gauges 
ire used to determine the positions and movements of the frame, where such movements 
oecomc necessary in cases of long continuous observations at a point, to compensate for 
solar rotation during the period of observation. 


11. Automatic Doppler Compensator Unit 

For measurement of longitudinal magnetic fields, it is necessary that the spectral 
ine should remain properly centred on thc < double slit during observations extending 
:>ver different parts of the solar surface and lime. There exists considerable amounts of 
Doppler shifts of all spectral lines originating from different parts of the solar disc as a 
'esult of solar rotation and a variety of large and small scale motions. The quasi- 
periodic variations in Doppler shifts of lines originating from a fixed area is also well 
mown. If not properly compensated, the spectral line is apt to get shifted from the 
:entral position during the observation, thereby introducing errors in the determined 
values. An automatic Doppler compensating arrangement is hence absolutely essential 
or operation and is provided in this equipment. 
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Tim basic component of die Doppler compensator is a plane parallel quartz 
line shifter mounted just before the focal plane of the spectrograph. The plate is optically 
worked to an accuracy ofx/2 and has a thickness of 3.085 mm. It is mounted on a rota- 
table axis which extends below through the metal frame meant for holding various attach- 
ments at the spectrograph focal plane and is connected to a two phase servo-motor. 




(b) 


Fig. 12 

The servo-system driving the line shifter to compensate for any Doppler shift 
works in the following manner, Whenever the spectral line gets shifted a differential 
D.G. voltage is developed across the P l5 P 2 photomultiplier outputs. The EPSGO 
differential amplifier amplifies this difference along with any 125 Hz modulation present 
in the signal. At the output of the differential amplifier this amplified D.G. signal is 
separated, and fed into a servo amplifier through a D.G. buffer stage. The output of the 
servo amplifier drives the servo-motor controlling the line shifter. The arrangement is 
diagrammatically shown in Figure 12. 

The servo amplifier used is a commercial unit employed in Honeywell continuous 
balance units in their strip chart recorders. The buffer stage is a simple D.C. differential 
amplifier whose balance can be adjusted arbitrarily. This has been found necessary 
while centering certain asymmetric lines of the solar spectrum and to compensate for 
small characteristic variation between the two parts of the double- triode used. 
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12. The Doppler Recorder 


Line shifter 



A small attachment to the automatic Doppler compensator unit makes the 
simultaneous recording of the Doppler motion of the region possible. While the main 
unit determines the Zeeman splitting of the line, the automatic Doppler compensating 
unit keeps the line properly cenLred, by sensing the error voltage clue to Doppler dis- 
placement and correcting the shift through a servo loop. A continuous record of this 
error voltage directly gives the Doppler velocity information. 

The attachment basically consists of a good quality potentiometer rigidly fixed 
to the shaft carrying the line shifter plate. A precisely controlled current Hows through 
the potentiometer, so that any minute movements of tire slider results in small changes 
of the potential of the slider contact. These changes, which, are proportional to the 
line shifter movement are recorded on a second polentiometrie recorder. The electrical 
arrangement is illustrated in Figure 13. 

It is obvious from the electrical arrangement that the scale of deflection is directly 
proportional to the current flowing through the potentiometer. This is of great advantage 
as extra amplification of the deflections can be easily achieved when recording velocity 
variations of small amplitudes. A simple R.G. filter is used at the recorder input to 
smooth out the fluctuations originating mainly from the seeing defects. 

13. Reimaging Attachment 

The solar tower equipment at Kodaikamil consisting of the horizontal telescope 
and the spectrograph is used on several different research projects on the sun, As 
such it would be difficult if the complex and heavy magnetograph, head is designed to 
fit’ permanently in the standard focal plane of the spectrograph. This difficulty has been ' 
overcome by locating the magnetograph detector head at one side of the spectrograph 
and reimaging the spectrum on the analysing slit of the magnetograph. Changing 
over from the magnetographic mode of operation to the conventional photographic 
mode of operation requires removal of this rcimaging attachment, and can be accomp- 
lished in a matter of seconds. A total reflecting prism placed just ahead of the focal 
plane of the spectrograph bends the beam at right angles and is reimaged by a lens of 
20 cm local length, without magnification. The lens position is adjustable for accurate 
locus, which can be monitored at the detector head on which the spectra arc reimaged. 
A light tight mount for 5 cmx5 cm is provided in this unit to enable working in the 
higher order spectra by interposing suitable filter combinations to cuL out the unwanted 
overlapping orders. 
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14, Instrument Characteristics 

For proper evaluation of the readings obtained by the instrument described above, 
a thorough controlled calibration and checking of various key units as well as the instrument 
as a whole is essential. The method and results of such operations are now described in the 
folio win g paragraphs. 



Fig. 14 


The g; un-frcqucncy characteristics of the selective amplifier is a factor which 
determines the minimum signal detectable by the instrument. For the sake of proper 
maintenance of the instrument, it is preferable to have this checked periodically. Faci- 
lities are provided in the equipment for doing this. Output of a laboratory standard 
oscillator is fed through a calibrated attenuator to the input of the selective amplifier, 
the input from the differential amplifier being removed and the output measured directly 
on the cathode ray oscilloscope screen. An alternate path by-passing the amplifier is 
made for measuring the input on the same scope. The output/input ratios are measured 
at frequencies around the operating frequency. Figure 14 shows the gain-frequency 
characteristics of the selective amplifier used in our equipment. 

The linearity characteristics of the entire amplifier-detector chain is extremely 
important, as variations in this may introduce large errors in our measurement. This 
is checked by the following arrangement. The input to the differential amplifier is 
removed and a small fraction of the generator voltage fed instead, through the calibrated 
attenuator. The output is directly measured on the recorder, taking care, to kep the phase 
of the synchronous detector reference voltage properly adjusted. Measurements are 
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lone a t various input levels and the input vs output characteristics determined. Revers- 
ing- the input connections permits obtaining the points on the negative side. Any 
non-linearity, if obtained has to be corrected by adjusting the biases ol the different 
amplifier and cathode follower tubes. This has been done by a trial and error method 
■ . i- .. .-..-.U i , o /> ,-if liiirli oj -.il-iilil-v rnninnnmls hflK rnflllCod tllC DrobabilitV 


Differential Amplifier 
Gaih setting : »ooo 



Fig. 15 

The light passing through the ADP polaroid assembly is completely polarised and 
the final output has large variations for different orientations of the grating ruling and 
photo-cathodes. Since the orientation of the grating ruling is fixed with respect to the 
photomultiplier cathodes in our set up, it is necessary to know the variation of the photo- 
electric output for different orientations of the ADP-polaroid assembly, to enable one to 
adjust the instrument for optimum response. This has been done by noting the third 
photomultiplier response for different orientations of the assembly, Figure 16 shows the 
transmission characteristic for different orientations of the assembly; angles arc measured 
from the vertical, and the response is symmetrical about this axis. The variation is quite 
large and is of the order of 40 per cent of maximum response between two extreme orient- 
ations at right angles. It may be noticed that the ADP-polaroicl assembly blocks a 
major part of the incident light. The loss is inherent in the arrangement: the maximum 
transmission is only 44 per cent in the present set up. 


For accurate measurements, it is essential that the linear drift of the output 
should be a minimum. From systematic studies it has been seen that the equipment 
limosi completely stabilises after lialf-an- hour’s warm up time. During observations, 
;.are is taken not to record data before such stabilisation is achieved. 

Stabilisation of the photomultipliers, however, is much more difficult to obtain. 
There is a tendency for large differential drifts to occur after the EHT is switched on, 
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which may require hours lo conic down to a reasonable value. Tn avoid such drifts 
the photomultiplier voltages are kept on during the observing period lasting over days. 
I he photomultiplier pair is balanced at the beginning of each observation by focussing a 
portion ol the continuum on the slit pair, and the balance checked at the end of obser- 
vation. 


Adjustment of the reference voltage phase can be clone without ambiguity by 
looking at the G.R.O. waveforms at the electromechanical chopper outputs. The 
phase once adjusted does not require frequent changes. The phase need be checked 
at the beginning of a clay’s observation or when optical adjustments are altered. 

15. Doppler Mode Operation 

The electronic amplification and detection arrangement is extremely sensitive 
to even a trace of the signal modulated at the operating frequency. By a simple optical, 
arrangement it is possible to introduce signal frequency modulation to any spectral line, 
irrespective of whether Zeeman polarisation of the wings is present or not. When a 
iixecl circular polariser is placed in front of the ADP-polaroid assembly, the light falling 
on the electro optic modulator is totally circular polarised, and the effect of the oscillating 
detector is to modulate the total light falling on the spectrograph. When a symmetrical 
spectral line is properly centred the differential output of the two wing photomultipliers is 
zero. A slight shift of the line produces a non-zero output, as explained earlier. When 
the total light is modulated at the signal frequency, as a result of putting a fixed circular 
polariser ahead of the ADP-polaroid assembly, the differential output is also modulated. 
Ibis is amplified by the selective amplifier and detected by the synchronous detector, with 
extreme high sensitivity. The equipment, under these conditions, is said to operate 1 in 
the “Doppler mode”. Even a minute shift of the line is detected and recorded by tins 
arrangement. 

The shift of any spectral line results in a differential output of the two photo- 
multipliers that receive light from the wings. The proportionate change in the differ- 
ential photomultiplier output is given by: 

Aj _ vx I — R 2_ ... 

i ~ c 1 +R B ' ' W 

where v is the line of sight component of velocity of source and c is the velocity of light 
expressed in the same units; the other symbols representing the same parameters as in 
Equation (3). 


16, Calibration 

The possibility of operating the instrument in the Doppler mode provides a conven- 
ient way of calibrating the records. The sun’s disc as imaged by the telescope can be 
used for this purpose. It is known that the axial rotation of the sun on its equator results 
in a linear velocity of 2 Km/scc. On the east limb this results in a blue-shift of the lines 
of equivalent amount and on the west limb it results in a red-shift and of equal magnitude, 
If any spectral line is centred on the double slit illuminated by the light from the centre of 
disc, and the instrument is operated in the velocity mode, the output would be zero, 
nominally. If, now the image is moved so that a point on the cast limb illuminates the 
spectrograph slit, some non-zero detector output will be obtained. By moving the 
image similarly in the other direction, an output of equal magnitude, but of opposite 
sign should result. On the recording chart the pen will deflect from one side to another 
for such movements of the image and the difference between the two deflections will be 
equivalent to a Doppler shift of 4 Km/scc. This can be used as the calibration standard 
provided certain other difficulties arc properly taken care of. 
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The first difficulty one encounters is the random shifts of the spectral lines, result" 
mg in an unsteady output. The effect is most pronounced at the centre of the solar 
disc but very much less at the limbs, at least lor some lines. For such lines one can get 
reasonably steady deflections for® the two limb positions. For others it is necessary to 
take a large number of readings at the two positions to work out a mean value. 

The fall in light intensity near the limbs also require correction. The electrical 
signal as per equation (4) is proportional to the product of the Doppler shift and the mean 
intensity. To compensate for this it is also necessary to know the proportionate reduction 
of intensity in the nearby continuum at the calibration points on East and West limb posi- 
tions. In the present equipment, facilities already exist for measuring live line core 
intensity simultaneously and this can be utilised for applying this correction. The centre 
to limb variation of the line profile can be neglected without much loss in accuracy for 
most of the Fraunhofer lines. 

With the above two corrections, it is possible to determine the scale coefficients 
of the instrument for individual lines. The deflection obtained in our instrument can 
be represented by a general equation : 

d=K. v. I . . (5) 

where v is the line of sight velocity, say in mctcrs/scc., I is the intensity of the adjacent 
continuum and lv is the instrument constant working under certain conditions. Suppose 
D is the difference of the, two deflections at the calibration points which arc taken close 
to the limb ori the solar equator, and whose theoretical Doppler velocities differ by M 
meters /sec. (which is close to 4000 mctcrs/scc.) and T is die intensity of the adjacent 
continuum at those points, then 

D= K.M, V . . (6) 

Eliminating K, between equations (5) and (6) one gets, 

r d 

v = M. i ~ motcrs/sec. . . (7) 

The value of M can be calculated from the geometry of the calibration positions 
and the previously determined values of solar rotation. The ratios V/l and d/D can be 
directly measured and thus the value of v for different deflections calculated. 

The direction of the velocity vector component can be determined by noting that 
the velocity of a point on the east limb is approaching the observer on earth and may be 
taken as negative and that of the point on west limb as positive. The deflections on the 
chart can thus unambiguously indicate the direction of the velocity component. 

The same value of calibration constant can be used for f magnelic field measure- 
ments. Only it is necessary to know the equivalence of the Doppler and Zeeman shifts 
ol particular lines. Also, because in the Doppler mode an additional fixed circular 
polariser is introduced in the team, its transmission properties arc also to be taken into 
account. 

The line generally used for the magnetic field measurements is the Eel line of * — 
5250.2 18A with a Landc* factor of 3, Substituting these values in equation (1 ) the separa- 
tion of the two longitudinal Zeeman components becomes : 

A\,=2 (4.67.10' 6 g >• *H) 

—7.72 x I0* 8 H 

where is expressed in l and H in gauss. 


( 8 ) 
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The Doppler shift of the same line is 
relation, 


related to the line of sight velodty by ^ 




x 


c 


V 


= 1.75.I0' fl v 

where Aa v in a and v is in meters/sec. So other things remaining equal the 
between the Doppler and longitudinal Zeeman shifts is given by, 5 

1.75.10' 6 v—7.72 x 10'? H 
or, H =0.225 v 


(9) 

equivalence 


( 10 ) 



9 degrees 

Fig. 16 



rig. 


But as we have to introduce a fixed circular polariser in front of the electro" 
tL m ^ dU a .° r ’ t ^ ie ll S' :l t transmitted in the Doppler mode is usually a fraction of that 
\ + magnetic mode. If we designate this fraction as p the final relation between 

the two quantities will be given by : 

H — 0.225 p.v. (11) 

H being obtained in gauss when v is in meters per sec. 

It May be mentioned that the value of this fraction p is highly dependent on the 
relative orientation of the two polaroid axes. To avoid any error due to this, the value 
of the transmission fraction is determined separately for every magnetic record by noting 
the third photomultiplier readings with and without the circular polariser and actual 
orientation of the two elements in the optical modulator. 
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An alternative method of calibration is by the use of the parallel plate line shifter 
employed in the automatic Doppler compensator unit. The lateral shift 8 of an image 
by a tipped parallel plate is given by the expression : 


8— t sin 




where t is the thickness of the parallel plate, p. its i*efr active index and i the angle between 
the normal to the parallel plate and the direction of light beam. The thickness and the 
refractive index of the parallel plate is known, and the tipping angle can be accurately 
measured on the scale provided. Thus it is possible to produce known shifts of any 
spectral line by manipulating the line shifter. Since the linear dispersion of the spectro- 
graph is known with high precision, the lateral shifts can be converted into equivalent 
wavelength shifts of any particular line. A plot of the wavelength shifts for different 
tipping angles for the line Fel 5250.218A is shown in Figure 17. 


The procedure for calibration is as follows: 

By using an auxiliary lens the solar image is dcfocusscd so that the light entering the 
spectrograph does not exhibit the granulation stimulated periodic component of Doppler 
motions. The equipment is run on the Doppler mode with automatic Doppler compen- 
sation unit disabled and the spectral line in question is centred on the double slit as judged 
from the null output on the recorder. The line shifter is then tipped by a known angle 
and the resulting deflection on the chart noted. The third photomultiplier reading is 
also noted for the purpose of the computation. The process is repeated for several 
tipping angles, and results plotted. The plot indicates the scale of deflection for different 
wavelength shifts which cart be converted into equivalent Doppler velocities. From 
theste values the instrument constant K can be directly calculated, enabling one to esti- 
mate values of Doppler velocity directly from the chart readings. 


17. Sensitivity 

The sensitivity or the minimum signal detectable by the instrument is basically 
noise limited. But apart from the noise, there are certain factors limiting the maximum 
value of amplification. The photomultiplier stage voltages are decided mainly from 
the noise considerations. The gain of the differential amplifier is adjusted on the basis 
ol signal available. At a gain setting of 1000, for example, non-linearity sets in beyond 
an input 50 microvolts. ^ The input resistance to the potcntiometric recorder is ad- 
justed to give full scale utilisation with available signal strength. It is, however, useful 
to nave an idea of the sensitivity of the instrument under typical condition. Substi- 
tuting the following typical values in equation (7) M-4000, I’/ 1-0.5, D«*90, the 
minimum detectable signal for cl= 1 works out to be 22 meters/sec. With an equivalent 
noise input over the instrument pass band as 0.5 microvolt r.m.s,, the root; mean square 
uctuation due to noise in the output is 3 microamperes, giving a deflection of less than 
one division on the chart. Under these conditions, a 2.8 second time-constant in the 
output circuit produces smooth records. 

The above figures are, however, for favourable working conditions and in actual 
prae ce several other disturbing factors limits the accuracy of measurement. These 
are discussed m the next section. 

K-., oo ^ av °u ra kle conditions it is theoretically possible to increase the sensitivity 

-i 1 as a Jkctor of 10. With the differential amplifier gain setting of 100, it is 
m , a scale deflection for some strong spectral lines, between the East- 

ra on positions. After that the instrument gain can be increased to 1000 and 


a sensitivity of 2.2 meters/sec per division on the chart can be obtained. The noise is 
somewhat higher, but can be smoothed out by 6.8 seconds network combination to an 
r.m.s. fluctuation of the order of one division. 

For records on low magnetic fields, it is the latter combination which is usually 
used in this equipment The typical value of p in equation (11) is about 0.4 S o that 
in the most favourable conditions, an accuracy of 0.2 gauss per division can be obtained 
with noise fluctuations of the order of 1 division. It may be noticed that under these 
working conditions the instrument is capable of measuring upto ±25 gauss beibre non- 
linearity sets in and the measurements become unreliable. 

18. Accuracy and Limitations 

The noise introduced by our amplified-cletector chain is extremely small. By 
proper choice of tubes and voltages dividing network the two photomultipliers also 
introduce very little dark noise, the individual dark currents at the operating voltage 
of 900 V being about 2 . 10-° A. But it is the random nature of the photo-electron cas- 
cades which limits the ultimate accuracy of the measurements. The scale of the solar 
image in the optical set up is 5*. 6 per mm. and a standard spectrograph slit of 
width 250 microns and 1 mm length is normally used. The angular dimension of the 
solar disc covered by the slit is thus r.4x5*.6. At the detector head slit pair, the 
spectrum is reimaged without magnification and to quote a typical dimension, the 
wing photomultipliers view a portion of spectrum 1mm x 350 microns each. In the 
fifth order, where it is mostly used, the dispersion is extremely high and the level of 
illumination at the photomultiplier cathodes is low indeed. In the Doppler mode 
with the fixed circular polariser introduced in the beam, a typical order of photomulti- 
plier output current is 10- 8 A. At this level of illumination, the random nature of the 
photo-clectron pulses dictates the limits of gain and resolution that can be achieved 
in the present set up. 

A good spatial resolution, which is a major objective of the instrument is thus 
limited by the availability of the light flux. In the f/90 system used the standard slit 
size of l".4x5".6 has been chosen after several series of experiments as the optimum 
dimensions seeking a compromise between spatial and lime resolution and the noise 
error which can be tolerated. For measurement on certain weak spectral lines, it is 
necessary to widen and increase the slit size at the cost of resolution. 

Another limiting factor encountered at Kodaikanal is the seeing at the observa- 
tion site. Owing to its location on a high peak surrounded by uneven terrain, the period 
of good seeing at Kodaikanal is limited to only an hour or so after sunrise. For long 
continuous records, observations have to be carried out when the seeing was no better 
than 2-3 seconds of arc. Lowering the slit dimension under such conditions is ob- 
viously useless. 

For experiments requiring scanning over an extended area, the rate of scan has 
to be chosen consistent witli the time constant of the detector. Higher time constants 
have to be employed with higher amplifier gain, which may be necessary for weak 
signals, thus requiring slower rates of scan. The spatial nature of certain time varying 
features of weak intensity can thus be studied with limited accuracy. 


For the design and construction of this equipment valuable help and co-opera- 
ion from several members of the Kodaikanal Observatory staff arc gratefully acknow- 
ledged. First and foremost, grateful thanks arc due to Dr. M.K.V. Bappu, Director, 
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for not only his constant advice and guidance during the various phases of the design 
and construction but also for his active participations in various experiments during' 
the construction of the equipment. Extremely valuable help of Sarvashri A.P, Jaya- 
raj an, K.C. Abdur Raheem and K. S. Muthu in fabrication of the optical components; 
of M. Iqbal AH, L. Peter, M. Paranjothi, V Germanappan and Alfred Charles in mecha- 
nical constructions and of Sistla Gopal, Satya Prakash and M. Mohd. Abbas in design 
and construction of electronic accessories is gratefully acknowledged. It is a pleasure 
to record my heartfelt thanks to Dr. V.E. Stepanov of Sayan Observatory, U.S.S.R. and 
to Dr. W.A. Baum of Lowell Observatory, U.S.A. for their valuable advices during 
their respective visits to this observatory, which have helped me to a great extent in arri- 
ving at the present design of the equipment. 


Kodaikanal Observatory, 
October 1970 
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ABSTRACT 

A velocity curve of the spectroscopic binary ‘Delta Orionis* has been obtained from the 
spectrograms taken at Kodaikanal during the years 1968-70. The orbital elements derived ore in 
good agreement with earlier values except for the longitude of periastron ‘to . Tiie period ot 
rotation of the line of apsides is found to be 208 years. 
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INTRODUCTION 

The star Delta Orionis is a well known spectroscopic binary, which has 
drawn the attention of several investigators Q. Hartmann, (1904), F. C. Jordan 
(1914), R. H. Curtiss (1914), A. Hnatek (1920), W. J. Luyten, O. Struve and 
W. W. Morgan (1939), P. Pismis, G. Haro and O. Struve (1950), G. R, Miczaika 
(1951)1 The values of P, e and K found by all these investigators are in good 
agreement except that Miczaika finds a lower value for K and e. There is some 
evidence for apsidal rotation, but there is too large a scatter in the values ol 
the longitude of periastron w, to reach any conclusion. Since the last investigation 
of this system was that of Miczaika in 1950, the star was placed on the regular 
binary star programme of the Kodaikanal Observatory. 


OBSERVATIONS 

The spectrograms were taken on Eastman Kodak IIa-0 emulsion, during the 
period 1968-70 with the grating spectrograph attached to the 50cm Cassegrain 
reflector. The projected slit width was 20 microm and the spectra had a dispersion 
of 47 A/mm at x 434oX. All the spectra were measured by one observer (VN). 
The wavelengths used for radial velocity determination are listed in Tablet. 
The observations are given in Table 2. The phases where computed from 

To = JD 2428382. 263 +5 d ; 732357 

following Pismis, Haro and Struve. The observations were then combined into 
eleven normal places of equal weight and are listed in Table 3. 

Tabu? 1 

Wavelengths used for radial velocity determination 

— — —«» > *■ 

Wavelength A Line 


4471.48 


Hel 
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Wavelength A 

Line 

4026.36 

Hel 

3970.07 

He 

3889.05 

H8 


Table 2 

Radial Velocity measures of Delta Or ion is 

Plate 

No, 

Julian Day 
of 

Observation 

Phase 
from Node 
(Period) 

, Radial 
Velocity 
Km/Sec. 

No. of 
lines 
measured 


2440000 + 




847 

216,616 

0.413 

— 71 

5 

53 

218.326 

781 

+ 49 

6 

57 

222.422 

496 

— 77 

5 

59 

223.228 

636 

— 35 

6 

66 

226.099 

137 

-1 98 

6 

884 

230.385 

0.885 

-I- 92 

4 

93 

232. 153 

193 

+ 60 

6 

904 

234. 142 

543 

— 76 

5 

10 

239.131 

411 

1 — - 88 

5 

1 1 

239.153 

415 

- 59 

4 

915 

240.126 

0.584 

— 52 

3 

26 

243.133 

109 

+ 105 

6 

' 38 ' 

247.334 

842 

+ 81 

6 

50 

250.286 

357 

— 69 

4 

53 

256.226 

393 

— 75 

6 

958 

264.181 

0.781 

+ 35 

6 

68 

268.142 

472 

— 81 

6 

76 

271.276 

018 

+104 

6 

79 

272.097 

162 

+ 64 

6 

88 

273.228 

359 

— 63 

5 
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Plate 

No. 

Julian Day 
of 

Observation 

Phase 
from Node 
(Period) 

Radial 

Velocity 

ICm/Sec. 

No. of 
lines 
measured 

995 

2440000 + 

. 274.214 

0.531 

— 91 

6 

1005 

279.229 

406 

— 41 

4 

15 

282.161 

917 

-1-106 

6 

21 

283.169 

093 

+ 95 

6 

27 

284.181 

270 

— 05 

6 

1030 

288.164 

0.964 

+ 97 

6 

45 

293.152 

835 

+ 44 

6 

1119 

590.104 

637 

— 36 

5 

27 

591.097 

810 

-b 40 

5 

31 

591.319 ' 

849 

-b 55 

5 

1136 

592.163 

0.996 

+ 142 

4 

39 

592.364 

031 

+ 103 

5 

40 

593.194 

176 

+ 59 ’ 

5 

43 

594.146 

342 

— 17 

4 

51 

597.308 

894 

+ 87 

4 

1159 

598.262 

0.060 

+ 89 

6 

85 

614.292 

857 

+ 90 

5 

89 

618.242 

546 

— 94 

, 6 

94 

624.260 

596 

— 52 

4 

98 

630.251 

641 

— 42 • 

5 

1199 

631.143 

0.796 

+ 65 

4 

1202 

632.214 

983 

+ 87 

4 

05 

633.215 

158 

+ 72 

5 

08 

643.226 

904 

-1- 68 

5 

11 

644.206 

075 

+ H2 

5 

1217 

648.221 

0.776 

+ 19 

5 

23 

650.235 

127 

+ 90 

4 

26 

651.228 

300 

— 39 

4 

29 

655.163 

987 

+115 

5 
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Table 3 
Normal pom is 


Phase from 
node 

Radial 

Velocity 

(Observed) 

Km/Sec. 

Radial 

Velocity 

(Calculated) 

Km/Sec. 

0.00 

+ 108 

+ 109 

10 

+ 98 

+ 95 

17 

-|- 94 

+ 64 

30 

— 20 

— 22 

39 

— 67 

- 69 

51 

— 82 

— SI 

58 

— 66 

' — 63 

64 

— 38 

— 37 

79 

+ 41 

-I- 41 

85 * 

+ 68 

+ 70 

90 

+ 88 

+ 89 


0~C 

Km/Sec 


+ 3 
0 

+ 2 
-I- 2 

— l 

— 3 

— 1 
0 

— 2 
-- 1 



ORBITAL ELEMENTS 


A223 


The preliminary orbital elements were obtained by the Lehman— Fillies 
method and the elements were corrected by a least square solution folio wine 
Sterne (1941). The preliminary and final elements with their probable errors are 
given below: 


Elements 

Preliminary 

Final 

T 

~F 15 Km/Sec. 

H~ -5 Km/Sec 

K 

97-0 Km/Sec. 

96*5 ±'7 Km/Sec 

e 

0*000 

0-066±’005 

10 


106°58' ± 14°30' 

To 

JD 2440437-41 

JD 2440437-41 ±*01 


The computed velocity curve along with the normal points is shown in Figure 1. 



Luy ten, Struve and Morgan have discussed the earlier observations and 
tabulated the elements obtained by various investigators. The subsequent inves- 
tigationsdogether with the present one have been added to the above table and 
are given ^able 4 for ready comparison. 


Observatory Epoch (Year) No. of ^ y K e To 

Observations (Degrees) Km/Sec. Km/Sec. Julian Day. 
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Figure 2 is a plot of the longitude of periastron w and the year of its deter- 
mination. Excepting the values of w determined at Vienna and Heidelberg (by 
A. Hnatek and G. R. Miczaika respectively), the rest fall on a straight line with 
the slope l°* 73/year. We derive from this value a period of apsidal rotation of 
208 years. 



Fig. 2 change in oo with Time 
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Photoelectric and Spectrographic Studies of Nova Delphini (1967) 

Ar Tluilasi Doss, A. Bhatnagar and V.- Natarajan- 
Kodaikanal Observatory 

India -'.'77 ' ’ 


Abstract 

The measurement and analysis of the spectra of Nova Delphini (1967) obtained at Kodaikanal 
is presented. An estimate of the photospheric temperature of the nuclear star of the nova is also made. 

Key words : Nova Delphini— Radial velocities and line 
profiles— Ionisation tempera ture 


Introduction 

Nova Delphini was discovered on July 8, 1967, by Aleock (1967) at a visual magnitude 
of 5.6. From the prediscovery magnitude records published in later IAU circulars, it appears 
that the star took nearly 35 days to attain this brightness from art initial value of 12°\0. The nova 
reached a maximum brightness of 3.7 magnitude on 14th December 1967. la this paper 
we present a detailed study of photoelectric and spectrographic observations of Nova Delphini 
obtained at Kodaikanal during the period September 12, 1967 to December 13, 1968. This bright 
slow type nova gave us an unique opportunity to record spectra ..at different stages of nova 
development viz. premaximum, principal and early nebular stages. 


Photoelectric observations 

The first Kodaikanal photoelectric observations on Nova Delphini were made on 
September 12, 1967, with the photometer on the 20 cm. Cooke refractor. The nova was observed 
through standard B, V filters. The comparison star was BD 4- 19°4484 with V = 6.29 and 
(B-V) = 4 0.64. The V magnitudes and the colours obtained by us for the nova are given in 
Table I. The plotted light curve contains data obtained from the TAU circulars and Onderlicka 
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and Vetesnick (1968) as well as Grygar et al, (1968). F'iguie l shows this plot which includes 
the Kodaikanal observations. During September 1967 the V and (B-V) values were around 
4.6 and +0.37 respectively with a fluctuation of only 0.1 magnitude. After the discovery there 



Figure 1 ; Light curve of Nova Dolphin! (1967) 

Published photoelectric values 

Visual observations 

Kodaikanal photoelectric values 

Lino to Indicate the epoch of Kodaikanal spectrograms. 


were many conspicuous bursts of 0 n, .5 to 0 m .9 but the major outburst was reported on December 
14 5 1967, when the Nova reached the maximum brightness of 3.4 magnitude. The brightness 
variation of Nova Delphini resembles that of a typical very slow nova. 1 


The Spectroscopic Observations 

Our first spectrograph ic observations of the nova were made on September 15, 1967. 
The absorption spectrum with faint emission lines recorded on September 15, refer to the pre- 
maximum stage of the nova’s spectral development. The spectra were obtained during the period 
September 15, 1967 to December 13, 1968. 


Table I 

Nova Delphini 1967 — Photoelectric measurements 


Date U.T. 


V 

(B-V) 

1967 September 

12.71 

4.60 

+0.27 


14.64 

4.70 

+0.36 


15.69 

4.68 

+0.38 


23.62 

4.52 


29.76 

4.62 

— 

October 

7.73 

4.84 

+0.42 

November 

. . - 6.70 

4.85 

+0.46 


7.63 

4.67 

+0.34 


18.62 

4.84 

+0.37 

December 

23,59 

4.42 

+0.34 

19.60 

4.30 

+0.33 

1968 May 

. . 7.94 

4.34 
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The spectrograms, discussed in this paper, were obtained with the Cassegrain spectro- 
graph of the 50cm. telescope. The dispersion in the second order is 45 A/mm with the 5-inch 
camera, During the faint stages of the nova apparition, a 2-inch camera was utilized with the 
spectrograph for slilless spectroscopy. Details of the spectrograms obtained are given in Table If. 
The spectral region indicated as photographic, covers from 3S00A-4600A. The visual range 
covers from 4860-6570 A. The spectrograms were calibrated for spectro-photomelry by a Hilger 
step wedge filter, attached to an auxiliary spectrograph. Radial velocity measures and line identi- 
fications iiave been carried out with the aid of an Abbe Comparator. Tables IR and IV cover 
identifications made on spectra obtained on September 15 and October 7, 1967, respectively. 


Tauu n 

Details of Spectrograms of Nova Deiphitti (1967) 


Piute No. 

Date of mid-cxposuie 

U.T. 


Exposure 

time 

Minutes 

Spectra! 

region 

(*) 

Type of 
emulsion 

1 

2 


3 

4 

5 

492- 

1967 September 

15.74' 

120 

P 

ria-o 

495 


17.77 

70 

P 

I03a-F 

496 


23.72 

104 

P 

ria-o 

499 


29.71 

90 ‘ 

P 

Ha-0 

500 


30.73 

90 

V 

I03a-F 

503 

October 

7.74 

no 

V 

I03a-i v 

508 


24,63 

125 

I J 

Ila-O 

514 


25,65 

120 

V 

102 A-V 

518 


26.69 

130 

p 

1 1 £1-0 

522 

November 

6.71 

68 

V 

103*1-1* 

524 


9.65 

135 

p 

Ila-O 

530 


12.68 

145 

V 

I03a-F 

533 


14.67 

110 

p 

Iln-O 

536 


15.64 

90 

V 

I03a-F 

537 


16.65 

145 

p 

IIa-0 

538 


17.68 

93 

V 

103n-F 

539 


18.65 

140 

p 

IIn-0 

540 


19.64 

90 

V 

!03u-F 

541 


22.64 

141 

p 

rtu-o 

542_ 


23.64 

75 

V 

!03a-F 

544 


24.64 

150 

p 

Iln-O 

545 


26.62 

85 

V 

J03a-F 

548 


27.64 

90 

p 

Ila-O 

551 

December 

16.60 

75 

V 

103n-F 

552 


23.62 

38 

p 

lla-O 

553 


24.58 

65 

V 

103u-F 

555 


26.58 

88 

V 

!03a-F 

731 

1968 April .. 

1.99 

55 

V 

103a-F 

743 


17.94 

80 

p 

IIa-0 

746 

May 

6.00 

10 

V 

1 03a-F 

750 


7.00 

5 

V 

103a~F 

751 


7.00 

15 

p 

Ila-O 

753 


7.94 

14 

p 

Ila-O 

754 


7.96 

15 

p 

lla-O 

756 


8.98 

6 

V 

I03a-F 

764 


13.96 

6 

V 

I03a-F 

769 


15,00 

7 

p 

Ha-0 

770 


15.83 

46 

I 

I-N-l-l-I a O 

772 


15.95 

7 ' . 

V 

103a-F 

774 


15.98 

7 

p 

lla-O 


* P = Photographic, V — Visual, l - Infrared. 
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Table It — (Could.) 

Details of Spectrograms of Nova DclpJiini (1967) 


Plato No. 

Dale of mid-exposure 

U.T. 


Exposure 

time 

Minutes 

Spectral 

region 

(*) 

Type of 
emulsion 

1 

2 


3 

4 

5 

111 


17,93 

8 

V 

103a-F 

778 


17.96 

10 

P 

lla-O 

780 


18.98 

20 

P 

lln-0 

782 


19.97 

10 

l 1 

lla-0 

784 


. 20.93 

9 

V 

103a- F 

785 


23.86 

20 

p 

JIn-O 

788 


28.95 

12 

V 

103a-F 

789 


29.86 

20 

p 

IIa-0 

797 

June 

19.82 

18 

V 

)03a-F 

799 


19.97 

60 

V 

103a-F 

802 

July 

10.75 

15 

V 

103a-F 

812 

September 

25.00 

5 

V 

J03a-F 

813 

October 

4.75 

100 

V 

103a-F 

814 


4.81 

10 

p 

I03n-F 

815 


14.68 

10 

V 

!03a-F 

817 


21.69 

20 

V 

103a-F 

823 

November . . 

15.60 

30 

V 

103a-F 

831 

December 

13.62 

20 . 

V 

103a-F 


* P Pnotographlc, V — Visual, 

1 =» Infrared 





Table III 





Identification of absorption lines in photographic region on September 15, 1967 



Reduced with 


Element and 




Measured A factor 0.00075 

A lub. 

Multi plot 

A lab.— 

■ A roJ 


A A 

A 

No. 

A 







Table III— (Contd,) 

Identification of absorption lines in photographic region on September 15, 1967 


Measured A 

A 

Reduced with 
factor 0.00075 
A 

A lab. 

A 

Element and 
Multiple t 

No. 

A lab. — 
A 

4318.0 

4321.3 

4320.9 

Ti It 

(41) 

—0.4 



4320.7 

Sc It 

(14) 

—0.4 

4322.6 

4325.8 

4325.0 

Sc It 

(15) 

—0.8 



4325.1 

Mn jr 

(6) 

—0.7 

4336.5 

4339.8 

4340.5 

8 1 

(1) 

-1-0.7 

4348.7 

4351.9 

4351.8 

Fc It 

(27) 

— 0.1 

4365.0 

4368.2 

4369.4 

Fe It 

085 

+ 1.2 

4372.0 

4375.3 

4374.5 

sc ir 

(14) 

—0,8 



4374.8 

Ti II 

(93) 

—0.5 

4382,1 

4385.4 

4385.4 

Fe It 

(27) 

0.0 



4384.8 

Sc It 

(14) 

—0,6 

4391,9 

4395.2 

4395.0 

Ti It 

09) 

—0.2 

4397.7 

4400.9 

4400.4 

Sc It 

(14) 

—0.5 



4400.6 

Ti II 

(93) 

—0.3 

4413.8 

4417.1 

4416.8 

Fe II 

(27) 

—0.3 



4415.6 

Sc II 

(14) 

—1.5 



4417.7 

Ti II 

(40) 

+0.6 

4440.7 

4444.0 

4443.8 

Ti It 

(19) 

— 0.2 



4444.6 

Ti ir 

(31) 

-1-0.6 

4447.4 

4450.7 

4450.5 

Ti It 

(19) 

-0.2 

4465.9 

4469.2 

4468.5 

Ti II 

(31) 

-0.7 



4469.2 

Ti II 

(18) 

0.0 



4470.8 

Ti II 

(40) 

+ 1.6 

4477.8 

4481.2 

4481.3 

Mg II 

(4) 

-hO.I 



4481.1 

Mg II 

(4) 

— 0.1 

4485.9 

4489.3 

4489.2 

Fo II 

(37) 

— 0.1 

4498.2 

4501.5 

4500.3 

Ti II 

18) 

— 1.2 



4501.3 

Ti II 

(31) 

-—0,2 

4505.5 

4508.9 

4508.3 

Fe It 

(38) 

—0.6 

4511.9 

4515.3 

4515.3 

Fo II 

(37) 

0.0 

4518.6 

4522.0 

4520.2 

Fe II 

(37) 

—1.8 



4522.6 

Fe II 

(38) 

-1-0.6 

4531.0 

4534.4 

4534.0 

Ti II 

(50) 

—0.4 



4534.2 

Fe II 

(37) 

—0.2 

4546.6 

4550.0 

4549.6 

Ti II 

(82) 

—0.4 



4549.5 

Fc It 

(38) 

-0.5 

4553,2 

4556.6 

4555.9 

Fo ti 

(37) 

—0.7 

4561.0 

4564.5 

4563.8 

Ti II 

(SO) 

—0.7 

4569.0 

4572.4 

4572.0 

Ti 11 

(82) 

—0.4 

4580.0 

4583.5 

4582.8 

Fc IT 

(37) 

—0.7 



4583.8 

Fe II 

(38) 

+0.3 

4586.3 

4589.8 

4590.0 

Ti II 

(50) 

+0.2 


A red 
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\ Tabi.p. IV 

Identification of Absorption lines on Plate No. 503 taken on October 7, 1967 


Measured A 

Reduced with n 
factor 0,00076 

A Lab. 

Element and 
Multiplct No. 

A lab A red. 

6557.5 

6562.5 

6562.8 

H< (1) 

•1-0.3 

6513.1 

6518.1 

6516.1 

Fc 11 (40) 

—2.0 



6519.4 

Mn T (39) 

-1- 1.3 

6450.4 

6455.3 

6456.4 

Fe II (74) 

41.1 

6377.9 

6382.7 

6383.7 

Fe II ( ) 

4-1.0 



6382.2 

Mil I (39) 

—0.5 



6384.7 

Mn l (39) 

-1-2.0 

6341.4 

6346,2 

6347. 1 

Si' II (2) 

4-0.9 

6243.5 

6248.2 

6247.6 

Fe II (74) 

-0.6 

6154,4 

6159.1 

6158.2 

01 (10) 

—0.9 



6156.8 

Of (10) 

—2.3 



6156.0 

or (io) 

—3.1 

5892.0 

5896.5 

5895.9 

Na I (1) 

-0.6 

5886.3 

5890.8 

5889.9 

Nil I (1) 

—0.9 

5532,1 

5536.3 

5534.9 

Fe IT (55) 

—1.4 

5312.2 

5316.2 

5316,6 

Fo II (49) 

-0.4 



5316.8 

Fe II (48) 

—0.6 

5279.9 

5283.9 

5284. 1 

Fc II (41) 

4 0.2 

5271.1 

5275,1 

5276.0 

Fc II (49) 

40.9 

5231.1 

5235.1 

5234.6 

Fc 11 (49) 

~r0.5 

5193.4 

5197.4 

5197.6 

Fc II (49) 

4-0.2 

5165.0 

5168.9 

5169.0 

Fe 11 (42) 

4-0.1 

5012.4 

5016.2 

5018,4 

Fe II (42) 

4-2.2 

4916.5 

4920,2 

4923.9 

Fc II (42) 

4-3.7 

4853.7 

4857.4 

4861.3 

M0 (1) 

1-3.9 


General discussion of the development of the nova spectrum 

The main features of tlie spectra in September, October and November 1967 were the 
strong violet displaced absorption lines of H, Calf, Felt, Till, SrII, Self Cal, Of and Nat. Almost 
all absorption lines are accompanied by faint emission features on the longward side. These 
absorption lines did not show any companion absorption system. 

The radial velocity measures show that all absorption lines were systematically displaced 
towards the shortward side indicating velocity of approach. The hydrogen absorption lines did 
not show tlie same velocity. This may be explained as clue to the interaction of absorption profile 
with emission line on the longer wavelength side and as the emission associated with the hydrogen 
lines increases with decreasing member of the Balmer scries, a spurious violet shift may be intro- 
duced in the velocity measurements from the hydrogen lines. Tables V and yi give the radial 
velocity measures made on the blue and red spectra respectively. 

The expanding envelopes showed uniform constant velocity of ejection around 
2,50 km/sec. from September 1967 until the burst that enabled peak brightness to be attained on 
December 14, 1967. The premaximum spectra duiing September, October and November 1967 
showed very few changes other than a gradual increase in the intensity of the emission lines. This 
stage was characterised by strong absorption lines due to hydrogen and ionized calcium and also 
hose of Till and FeU. All the strong absorption lines were associated with faint emission on (he 
ongward side. 

The spectrum in the visual region obtained on December 16, 1967, two days after tlie 
najor outburst, is of particular interest. This showed tremendous changes as compared to the 
arlier spectra which were rather steady for nearly three months, Remarkable changes had taken 
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A 


1 

3889.1 

3900.6 

3913.5 

3933.7 

3968.5 

3970.1 

4012.4 

4025.1 

4029.0 

4046.8 

4053.8 

4077.7 

4101.7 

4163.6 

4173.5 

4178.8 

4215.5 

4226.7 

4233.2 

4246.8 

4290.2 

4294.8 

4296.6 

4300.0 

4300.2 

4301.9 

4307.9 

4314.1 

4315.0 

4320.7 

4320.9 

4325.0 

4325.1 

4340.5 


4351.8 

4374.5 

4374.8 

4384.8 

4385.8 

4395.0 

4400.4 

4400.6 

4415.6 

4416.8 

4417.7 

4443.8 

4444.6 


Table V 

Velocities lit km! see of absorption tines (Photographic region) 


Plate Ho. 

Date 

Icten li- 
ft. 'at ion 

492 

1967 
Sept. 15 

496 

1967 
Sept. 23 

499 

1967 
Sopt. 29 

539 

1967 
Nov, 18 

548 

1967 
Nov. 27 

743 

1968 

Apr, 18 

753 

196S 
May 7 

769 

1968 

May 15 

785 
1968 
May 23 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Mg 

Ti If 

Ti 11 
Cftll(K) 

Cfi If (f-I) 
He 

232 

203 

167 

288 

} 303 


230 

185 

308 

277 

239 

219 

358 

280 


1128 

383 

1100 


494 

1220 

529 
' 1246 


Ti II 

Ti 11 

Ti II 

Fell 

Ti II 

Sr II 

h8 

Ti 11 

Fell 

237 

230 

164 

298 

216 

164 

203 

204 
271 

241 
• 208 

174 

188 

241 

293 

159 

150 

237 

227 

241 

283 

164 

212 

159 

218 

139 

332 

998 

426 

1256 

1118 

1518 

Fc II 

Sr II 

Cal 

Fell 

Sc I 

Ti II 

164 
' 205 

236 

213 

215 

258 

290 

199 

184 

165 

207 

181 

212 

198 

166 

207 

202 

183 

271 

179 

201 






Sc II ) 
Fell / 

191 

244 

292 

165 






Till ) 

M n II [ 

Ti II j 

145 

135 

107 







Tn II 

192 

155 

152 

125 






Sc II ) 

Ti II f 

210 

195 

191 

216 






Sc II 

204 

212 

171 

188 






Sc II 1 
Mn II f 

167 

132 

128 

120 






H7 

272 


288 

269 

216 

237 

1116 

1006 

426 

1221 

1116 

1534 

Fell 

213 


177 

154 






Sc II \ 

Ti II J 

169 

150 

169 







. Sc II 1 
Fell J 

225 

217 

203 

219 


397 

983 , 




Ti II 

210 

180 

204 

209 






Sell ) 
Ti II ) 

184 

196 

198 

193 






Sc TI ) 
Fell \ 
Ti II ; 

204 

168 

161 

162 






Ti II 1 

Ti II J 

212 

198 


197 
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Table V— (CVwft/.) 

Velocities in kntjsec of absorption lines (Photographic region ) 


Plato No. 492 496 499 539 548 743 753 769 785 

Date 1967 1967 1967 1967 1967 1968 1968 1968 1968 

A Idcnti- Sept. 15 Sept. 23 Sept. 29 Nov. 18 Nov. 27 Apr. 18 May 7 May 15 May 23 
flea t ion 


1 2 3 4 56 7 8 : 9 10 II 


4450,5 

Ti I 

208 

. 187 

202 

152 

4468.5 

Ti IT ) 





4469.2 

Ti 11 [ 

175 

, 140 

144 

152 

4470.8 

Ti 11 ) 

' 

. 



4481.1 

4481.3 

Mg II 1 
Mg II f 

234 


145 

182 

4489.2 

Fell 

2 1 S 

169 

233 


4500.3 

4501.3 

Ti II > 
Ti II f 

144 

169 


104 

4508.3, 

Fell 

, 186 

123 

197 

182 

4515,3 

Fell. 

215 

209 

177 

182 

4520.2 

4522.6 

Fell 1 
Fell / 

190 

142 

126 


4534.0 

4534,2 

Ti II l 
Fell ) 

198 

125 

177 

154 

4549.5 

4549.6 

Fell \ 
Ti ir f 

196 

185 

200 

188 

4555,9 

Fell 

176 


129 

157 

4563.8 

Ti n 

179 

188 

157 

159 

4572,0 

Ti II 

195 

200 

198 

186' 

4582.8 

4583.8 

Foil ) 
Fell f 

183 

155 

136 

116 

4590.0 

Till 

237 


240 

221 


place in the continuum as well as absorption and emission lines. Continuum and emission were 
considerably increased in intensity whereas absorption lines had become narrower with secondary 
absorption system appearing on violet side. Emission was found spilled over the first absorption 
system on to its violet side. The new absorption system was identified as the principal absorption 
spectrum with associated strong and wide . emission bands. 

All these and the foregoing features can be noticed from the mosaic of nova spectra pre- 
sented in Plates I and II. It can be clearly seen how the intensity of the emission lines have in- 
creased and reached maximum after the December outburst. The premaximum absorption lines 
could be traced even after a few days of this major outburst, but with narrowed lines. Most of 
the metallic lines especially in the photographic region had disappeared. The gradual decrease 
in the earlier absorption system would mean that the premaximum shell responsible for this 
absorption was being dissipated slowly. The new shell ejected due to 14th December outburst 
could be identified on 16th December itself by the doubling of Fell lines in the green region. A 
faint suggestion of this secondary absorption for H-alpha could be seen on 24th December. This 
became a conspicuous shallow broad absorption on 26th December 1967. The measured velocity 
of —1350 km/sec is the highest velocity recorded at Kodaikanal for this Nova, 
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pr. 19 66 


20 Apr. 1968 
7-0 
15-0 
18-0 
290 


NEON 

1966 May 6*0 
140 
16-0 
21-0 

Ocb. 4-8 ' 

[N 

Plate H : 


t. 1^67 
v. 


Oct. 1967 
Nov. 


■ 6 

•6 Dec. 


NEON 

1967 Oct 25-7 
Nov. 12-7 
17-7 
23-6 
Dec. 16-6 
26-6 


NEON 

9 6 8 May 6-0 
14-0 


Oct. 4-0 


NEON ,_ 
1967 Oct. 2^-7 
Nov. 127 
177 
236 
Dec. 16-6 
26-6 


Table VI 

Velocities in km! sec of absorption lines (Visual region) 
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No spectrograph ic observations were possible between January 1968 to March 1968 
because of the proximity of the nova to the Sun. Spectra obtained during April 1968 showed 
:\vo distinct absorption systems one narrow and the other broad. On May 17, 1968, the broad 
absorption line of H-alpha appeared to have split into two, conveying the emergence of another 
shell. The velocities of these 3 shells as on 17th May, 1968, weic 1382 km/scc, 977 km/sec, and 
1 1 1 km/scc. 

In the development of the principal spectrum, the Of flash at 6300A was recorded earlier 
;han OI at 6364A. Both these lines could be seen conspicuously on the spectrum of 17th May 
1968. The Nil flash at 5755A was first recorded on 10th July 1968 on a slitlcss spectrum. The 
text slitless spectrum obtained on 25th September, 1968, showed the emergence of the nebular 
stage with the chaiactei istic emission blobs of Olff at 4959A and 5007 A. The line Ollt 5007A 
was more intense than H s . Also the 4640A band of NTH appeared on a si it less spectrum taken 
on 4th October 1968 along with the emission band 4363 A OUT. An infra-red spectrum obtained 
on 15th May 1968 on hypersensitized I-N film showed apart from intense 6563 A, emission lines 
of OI at 7774A and 8446A. 


Spectrophotomctrlc measurements and study of line profiles 


As mentioned earlier, all spectrograms were calibrated using a step wedge filter attached 
to an auxiliary spectrograph. The density traces of the spectra were obtained with the recording 
mierophotometer with a magnification of 108, The intensity measurements are in terms of the 
intensity of the continuum. 

Table VII 

Measured Intensity of emission and absorption lines In terms of equivalent km/scc. {Photographic region) 


Plate No, 

Bate 




Emission 



H7 


Absorption 

- .a 

H-I-Hr k 

lh? 


H7 

«8 

H+Hc 

K 

M? 

lb, 


1967 













492 

September 

15.74 

750 

100 

140 

80 



200 

190 


130 

50 

548 

November 

27,64 

440 

400 

500 

480 

230 





170 



1968 













753 

May 

7.94 

2680 

1810 

1850 

680 


440 

410 

390 



330 

769 

May 

15.00 

1840 

1150 

700 

210 

320 

190 

510 




410 

785 

May 

23.86 

620 

810 

330 


300 

200 

610 

400 

310 




Table VIII 

Measured intensity of emission and absorption lines In terms of equivalent km/ sec. ( Visual region) 

‘Plate No. 

Date U.T. 

- 


Emission 


Absorption 


i-K 

Hj8 

D, &D a 

n*4 

M/3 

D, &D, 


1967 








503 

October 

7.74 


960 

180 


120 

460 

514 

October 

25.65 

1990 

900 

60 

80 

230 


522 

November 

6.71 

960 

410 

370 

no 

270 


530 

November 

12.68 

1280 

570 ' 

130 

100 

250 


536 

November 

15.64 

1150 

380 

400 

'150 

190 

170 

538 

November 

17.68 

1430 

720 

210 

230 

230 


542 

November 

23,64 

1300 

980 

180 

250 

250 

290 

551 

December 

16.60 

1680 

1320 

1250 

260 

260 


553 

December 

24.58 

14500 


760 • 



190 


1968 








750 

May 

7.0 

3330 

1550 

350 

250 

260 

340 

772 

May 

15.95 

12790 

2380 

360 

450 

380 

430 

111 

May 

17.93 

33740 

6740 

480 

340 


440 
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Intensity profiles of 6563A and 486 J A of hydrogen and 5890A, 5896A of neutral sodium 
are given in Figure 2. The profiles of Hy, H 8 and the region between 3820A and 3970A arc shown 
in Figure 4, In Tables VII and VIII, we give the total observed intensity of the hydrogen lines 
to Fie, H and K, D t and D 2 , all expressed in terms of equivalent Kms/sec for both absorption 
and emission. The striking increase in intensity and width of the hydrogen lines after the maxi- 
mum phase can be seen clearly. The earlier absorption system is present like a sharp central 
absorption in the and FI 3 emission bands nearly at its normal position. This gives a saddle 
type structure to the line profiles. Such structures were recorded for earlier novae by Larson 
Leandcr (1954). Figures 2 and 3 bring out structural changes experienced by the emission and 
absorption bands of different lines with time. The emission lines arc asymmetrical due to absorp- 
tions on the violet side. Hence a good approximation to the true total emission intensity of any 
line can be obtained by computing twice the area of emission on the longward half of the profile. 
Similarly the true tola! absorption band intensity can be computed by adding the difference between 
the longward half and the shortward half of the emission band to the intensity of the observed 
absorption band. In Tables VII and VIII are given the intensity of some of the emission and 
absorption bands. If E L and E s are the intensity of the longward and shortward half of the emis- 
sion band and A is the intensity of the absorption band, we take the true emission band intensity 
as equal to 2 Ej and true absorption band intensity to be A ~F (B r — E s ), These are given in 
in Table IX. 


Tabus IX 

Computation of corrected intensity of emission and absorption fines In terms of equivalent Kmlxee . 


Dale 


Line 

Ei. 

Es 

A 

Ei. -|- E s 

2l:r, A ■ 

!• 

Em 

1967 










November 

23.6 


700 

600 

250 

1300 

(400 

350 

0047 



m 

590 

390 

250 

98() 

J 180 

450 

0039 

November 

27.6 

Hy 

270 

170 


440 

540 


0018 



H8 

265 

135 


400 

530 


0018 

1968 










May 

7.0 


1870 

1460 

250 

3330 

3740 

660 

0125 



M/3 

990 

560 

260 

1550 

1980 

690 

0066 

May 

7.9 

117 

1860 

820 

410 

2680 

3720 

1450 

0124 



H3 

1200 

610 

390 

1810 

2400 

980 

0080 

May 

15.0 

IT7 

1300 

540 

510 

1840 

2600 

1270 

0087 



Mg 

670 

480 


1340 

1150 


0045 

May 

16.0 

i-K 

7540 

5250 

450 

12790 

15080 

2740 

0503 



H/3 

1370 

1010 

380 

2380 

2740 

740 

0091 


Zanstrn Ionisation temperature 

It will be of interest to determine the pholospheric temperature of the nuclear star at 
different phases of the nova development. An attempt has been made here to derive Zanstra 
ionisation temperatures using the intensities of hydrogen emission lines. The theory is based 
on the assumption that the radiation of the emission lines of expanding envelope arc due to the 
photoionisation of atoms by the ultra-violet radiation of the central star followed by recombi- 
nation. In the case of hydrogen the number of ultraviolet quanta emitted by the central star 
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n« n, a Oj 













Figure 4 .* Intensity profiles of the region 3820A—3970A 
Abscissa is in Angstroms. 
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shortward of Lyman limit is equal to the number of quanta, emitted by the expanding envelope 
in the Balmier lines and the adjoining continuum. Then the equation will be of the form 


where 



dx 


% V „ A /- 0 

kT' u kT 


A* 


0 ) 


v, — minimum ionising frequency i.e., the Lyman limit — 912A 
T — temperature of the nuclear star 
// a* Planck's constant 
k = Boltzmann constant 


E» is a quantity such that VEv is the total intensity of the emission 
frequency units of the continuous spectrum. 


Following Larson- Lea nder (1950) Ei< was obtained from the equation 


E» = 



band expressed in 


where ‘ c ’ is the velocity of light. The value of 2 E,, was obtained from Tabic IX which wc con- 
sider to be the total intensity in equivalent km/sco of the emission band. The values of En of H / 
ITy and Hs on different dates are also listed in Table IX. The higher members of the Balmer 
lines and the adjoining continuum arc not taken into account as they are relatively insignificant. 
But in practice extrapolations may be made from a limited number of observed bands. 

In equation (1) let J represent the integral term and S the summation term. Then the 
equation can be written as 

J- - O 


In practice the difference is computed for various assumed values of temperature T, using 
Zanslra’s (1931) tabulated values for the integral. The temperature T for which A — O 
is obtained by interpolating between two temperatures giving A values of positive and negative 
signs. The computed results arc given in Table VI. We should point out that the intensities of 
the emission lines have been measured on plates obtained in a short interval of time within three 
to four days. Since Nova Delphini (1967) happens to be a very slow nova, the assumption that 
there aro no largo spectral variations on these spectrograms is, therefore, reasonable. 

The summation term as obtained directly from the observed bands FIX, H£, H7 and I-IS 
arc given in the columns headed (S). The final value of this term including the extrapolated values 
for the higher members of the Balmer series is in the column headed S^rr. 

The ionisation temperature values arc in the last column of Table X, 

T,\»u X 

Ionisation temperatures 


Date 


T 

- r o 

J 

S 

Scorr 

. A ** . 

J — Scorr 

Ionisation 
tempera tn re 

1967 

November 

25.6 

°K 

moo 

9.0 

0.0 f 2 

0.012 

0,015 

- 0.003 

°K 



19600 

8.0 

0.028 

0.01! 

0.013 

0.015 

17800 

1968 

May 

7.5 

19600 

8.0 

0.028 

0.037 

0.047 

- 0.019 



22400 

7.0 

0.059 

0.033 

0.041 

-I- 0.018 

21000 

1968 

May 

IS. 5 

19600 

8.0 

0,028 

0.057 

0.063 

- 0.035 



22400 

7.0 

0.059 

0.048 

0.054 

+ 0.005 

22100 
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